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ABSTRACT 
his work examined the performance of swirl burners using different injection 
strategies for various substitute fuels. The research procedure involved 
various stages; firstly, an assessment study between two liquid fuels, a pure 
biodiesel and saturated biodiesel, compared to kerosene. Atomization forms were 
obtained, and a combustion test campaign was initiated using a generic swirl burner. 
Emissions and power outputs were measured at gas turbine relevant equivalence 
ratios. Excess oxygen and atomization trends in the biodiesel seem to be playing a 
significant role in the creation of emissions and flame stability when compared to 
kerosene.  
Secondly, an experimental study on the combustion of methane-carbon dioxide 
mixtures was achieved. Gas mixtures were examined by using different injection 
strategies with and without swirl and with and without central injection. A smaller 20-
kW swirl burner was used to analyse stability and emissions performance by using 
these blends and to study the impact of CO2 addition. The burner configuration 
comprised a centre body with an annular, premixed gas/air jet introduced through five, 
60° swirl vanes. CO2 dilution reduced flame stability and operability range. The 
introduction of CO2 decreases temperatures in the combustion zone thus producing a 
lessening in emissions of nitrous oxides across all equivalence ratios. Regarding 
injection regimes, the external purely premixed injection system has lower NOx and 
CO. Addition of CO2 increases the lean blowout limit of all blends.  
In the last section, a new burner was finally employed to carry out trials using multi-
phase injection, where, experimental work investigated the performance of a swirl 
burner using various mixtures of CO2/CH4 blends with either diesel or biodiesel 
derived from cooking oil. The swirl burner was employed to analyse gas turbine 
combustion features under atmospheric conditions to quantify flame stability and 
emissions by using these fuels.  
The results revealed that the use of biodiesel and CO2/CH4 blends mixtures led to 
lower CO production. Results showed that a notable reduction of ~50% in NOx was 
obtained at all conditions for the biodiesel blends.  
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         Chapter1 
Introduction 
The true sign of intelligence is not knowledge but imagination  
Albert Einstein 
1.1   Energy supply 
The International Energy Agency (IEA) has expected that worldwide energy request 
will increase about 1.6% per year between the years 2006 – 2030 [1] with increasing 
contribution required from both gas powered and renewable energy sources to achieve 
demand, figure 1.1. Although renewable energy technologies are already meeting 
demand,  the current limited output of these technologies means that power generation 
of optimised fossil fuelled systems will be vital for the future, most of which is 
produced by gas turbines. While the power output and efficiency of modern gas 
turbine units have both increased, to reduce emissions, new fuel blends are in the 
process of being put into use. As a consequence, the operational flexibility of these 
systems is one of the leading issues for the industry [1]. 
 
 Figure 1-1 World primary energy demand by fuel [2] 
First gas turbine began to generate electricity successfully in 1939. It produced energy 
on a commercial scale at the local power station in Neuchâtel, Switzerland. Designed 
and built by A. B. Brown Boveri, the turbine had a thermal efficiency of 17% and a 
power output of 4MW [3]. Nowadays, commercial gas turbines are far more powerful 
and efficient. For instance, as part of a combined cycle, the Siemens' H-class SGT5-
8000H has a net thermal efficiency of 60.75% and has an output of 578MW [4]. 
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From the early stages of the 21st century, gas-fired turbines have been giving more 
than 33% of the UK’s power. During 2011 this quantity was about 40% [5].  
1.2 Gas turbine combustion   
Stationary gas turbine engines are used to produce shaft power. The shaft power can 
then be converted to electrical energy with a generator, or it can be used to turn 
mechanical devices such as pumps and gas compressors for pipelines. Figure 1.2 
shows a conventional gas turbine engine [6]. 
  
Figure 1-2 Basic components of a turbine engine [6]. 
The engine works by pulling ambient air into and through the compressor, where the 
pressure and temperature rise because of the compression. Then the air is then mixed 
with fuel and reacts inside a combustion chamber or combustor for short. The heat 
liberated from combustion increases the temperature of the new product gas to 
relatively high temperatures.  
This gas then passes through a turbine where the thermal energy is transformed into 
shaft power. The product gas is exhausted out of the turbine and back into the 
atmosphere. Part of the shaft power produced by the turbine is used to spin the 
compressor, while the remaining power is available for turning an electrical generator 
or other devices. The primary difference between the stationary gas turbine and the 
propulsion gas turbine engine is that the stationary gas turbine does not use the thrust 
of the exhaust gas to push an aircraft. Rather, it extracts as much energy out of the 
exhaust gas by having additional turbine stages to produce maximum shaft power. 
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Also, stationary gas turbines do not have severe size and weight limits and are 
designed to work with a wider range of fuels. They often use both axial and radial 
turbines and compressors and finally have strict pollutant emission regulations.  
The basic thermodynamic process of a gas turbine can be represented by a Brayton 
cycle. Figure 1.3 shows pressure-volume and temperature-entropy diagrams for this 
cycle. The numbers at each state point correspond to the numbers in figure 1.3. The 
inlet to the combustor is stated point 2, and the combustor exit/turbine inlet is stated 
point 3. The ratio of the pressure at the combustor inlet to ambient conditions is known 
as the compressor pressure ratio.  
The primary aim of any gas turbine design is to maximise the power output and 
efficiency. Figure 1.3 shows how the two change with variations in the pressure ratio 
and combustor exit/turbine inlet temperature for the simple-cycle engine. The turbine 
inlet temperature, T3, is limited in any design by the material and cooling process used 
on the turbine blades and rotor. For higher turbine inlet temperatures, the maximum 
efficiencies occur at higher pressures. Similarly, the optimal pressure ratio for specific 
output increases with higher turbine inlet temperatures.  
 
Figure 1-3 Gas turbine components, PV and TS diagrams of a Brayton cycle [7] 
Some designs incorporate a heat exchanger between the compressor and combustor to 
preheat the air from the hot exhaust products. Higher heat exchanger effectiveness 
leads to lower optimal pressure ratios and higher efficiencies.  
Although this trend is preferred over the simple, the simple cycle is still often used in 
practice. That is because the increased efficiency in the recuperated cycle comes at the 
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extra cost and complexity of adding the heat-exchanger to the system. Smaller gas 
turbines with low turbine inlet temperatures and fewer compressor stages utilise heat 
exchangers while larger gas turbines continue to favour from the simple cycle design. 
Modern gas turbines are often part of combined cycle power plant. A combined cycle 
gas turbine plant turns a generator much like a basic cycle plant; however, it uses 
exhaust gases to heat water to form steam.  
As fuel expenses are a huge factor in power production, the efficiency of the turbine 
and the total system must be considered, while always attempting to lower emissions. 
A further challenge for the units is to increase operational flexibility [5]. As renewable 
energy production increases, it is likely that gas turbine systems will be used to provide 
backup power generation.  
Backup systems will need to react fast enough to ensure demand can be met if needed. 
Also, it is special if the units can work on together liquid and gaseous fuels. If fuel 
costs vary or if the supply of a particular fuel type is limited, being capable of work 
on many fuels would be valuable. The last considerations relate to dependability and 
stability. As the units will be quick to react when required, it is essential that they are 
reliable and stable at all operation stages [5]. 
1.3 Gas turbine alternative fuels  
Fossil fuels rule in aerospace transportation, industrial energy, production, agricultural 
energy and electrical power generation [8]. Right now 25% of fossil fuels are 
consumed by the transportation sector, and the aviation section consumes about 13% 
of the transportation fuel, being the second greatest sector after road transportation. 
About 15,750 aircraft work using fuel derived from fossil fuels, thus contributing to  
2-3% of worldwide carbon emissions [9]. Therefore the aeronautic sector could benefit 
from alternative fuels.   
Alternative fuels are playing a more and more important role in the power supply. 
These fuels can be taken out, for example, from the gasification of biomass or coal. 
They are categorised by a high concentration of H2 and CO and have different 
combustion features in comparison to natural gas [9]. 
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Hydrocarbon fuels are organic compounds consisting wholly of carbon and hydrogen. 
Dependent on the number of carbon atoms and their molecular structure, they can be 
classified as either gaseous, liquid or solid in standard conditions. Gaseous fuels have 
up to four carbon atoms while fuels with twenty or more are solid, and those in 
between are liquid [10]. 
There are three reasons for using renewable fuels: fuel security, carbon reduction and 
NOx and soot reduction. There has been extensive research on feedstocks and process 
transformation of the biomass feedstock into aviation fuels. Aviation biofuels are 
harder to get approval than road transport biofuels as they need tighter fuel 
requirement, flight-testing, and life cycle impact assessment of these fuels. They must 
also meet all the operational specification of current kerosene jet fuels [11].  
Both synthetic and renewable jet fuels are the most common alternative fuels in 
aviation [12] and not the oxygenated methyl ester biofuels used in diesel. These Jet 
fuels such as Fisher-Tropsch fuels are aromatic and sulphur free which has the benefit 
of reducing particulate emissions [13]. However, oxygenated diesel biofuels have the 
additional benefit of soot reductions through the incorporation of oxygenated 
components in the fuel which are known from diesel engine work to reduce soot 
emissions. 
Regarding power generation, there are many types of fuels used in industrial gas 
turbine combustors. These include natural gas, liquid distillate, diesel fuel, residual 
fuel oil, etc. The effect of pollutant emissions from combustion processes of these 
fuels on the health and environment have become a primary concern for the public and 
have led to wide research and development in combustion technologies, fuels, and 
other sectors to meet more and more stringent air quality and emissions regulations. 
New alternative fuels have a significant advantage dealing with these issues, therefore 
the importance of conducting active research on many of them. 
For instance, biofuels include biogas, bioethanol, and biodiesel that has become more 
attractive recently as they are carbon neutral as plants absorb CO2 emissions while 
they grow up [14] releasing it when the biodiesel is burned. In other words, the CO2 
released by burning a gallon of biodiesel today is absorbed from the atmosphere by 
soybean plants tomorrow. Nonetheless, this process is not carbon neutral if carbon 
Chapter 1: Introduction
 
 6    
       
emissions are generated in the developing, harvesting and biomass to biofuel 
manufacturing process [14].  
1.4 Dual injection nozzles      
There are varied types of spray nozzles, each developed for a particular use and a 
special sort of flows, and to produce the desired droplet size and velocity scattering. 
Spray nozzles can be classified based on mass flow rate, liquid mass distribution, spray 
pattern, spray angle, spray effect, and droplet size [15].  
The flow rate is reliant on the nozzle area, nozzle geometry, quality of the fluid and 
the supply pressure. In twin-fluid nozzles, there are two mass flows, one for the liquid 
and one, commonly, for the gas. For the same nozzle, a higher liquid flow rate tends 
to lead to greater droplet sizes, while a higher gas flow rate leads to smaller 
droplets[16]. 
Twin-fluid atomising nozzles can produce fine droplets at low liquid flow rates. In 
these nozzles, a high-velocity gas stream is brought in interaction with a liquid stream. 
Applications for this kind of nozzles contain humidification, dust control, gas cooling, 
accuracy coating and spray drying[17].  
Twin-fluid atomising nozzles are available in different designs. Some employ the 
pressure principle, where the liquid is delivered from a pressurised source. Others use 
the gravity principle, wherever the liquid supply is placed above the nozzle, invoking 
gravity for the liquid flow.  
The syphon principle is used too in some twin-fluid atomising nozzles where the liquid 
source is self-aspirating. The spray influence, flow rate and droplet size distribution 
differ for each nozzle. However, many twin-fluid nozzles can produce very fine 
droplets. Gas and liquid can be brought in contact either in the nozzle (internal mix) 
or outside of the nozzle (external mix)[16]. Furthermore, nozzles can be classified 
based on the flow rate of the atomising gas and the method the gas is brought into 
contact with the liquid. These differences are air blasting (figure 1.4), air-assisting, 
and effervescent nozzles. The main variation between each of the three is the velocity 
and quantity of air used in the atomising process. The additional difference relates to 
when the air is mixed with the liquid stream[18]. 
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Figure 1-4 A schematic for a simple air blast nozzle design [6] 
1.5 Gas turbine emissions and health impact  
Industrial gas turbine emissions are very low for CO and UHC but significant in NOx 
emissions at high powers. Industrial gas turbines do not operate at idle, but for aero 
gas turbines, CO and UHC emissions are high at idle conditions and hence are 
important for air quality at airports [19]. The composition of gas turbine exhaust gases 
and their environmental impacts and sources are summarised in table 1.1. There are 
two particular classes of gas turbine emissions.  
The main exhaust gases are carbon dioxide (CO2), water vapour (H2O), Nitrogen (N2) 
and Oxygen (O2), and their concentration is presented at percentage levels. Of these 
gases, only CO2 is a greenhouse gas pollutant [13].  
The composition of these major species can be computed if the fuel composition and 
working conditions are known, as these are complete combustion products. The 
second category is minor species that are environmentally harmful and dangerous to 
human health: carbon monoxide (CO), particulate matter (PM), unburned 
hydrocarbons (UHC), smoke (carbon), oxides of sulphur (SOX) and oxides of nitrogen 
(NOX).  
These cannot be calculated and require careful measurement. The power generation 
sector contributes with the largest share of CO2 emissions at 40% [20]. Thus, in gas 
turbines, the regular greenhouse gas is CO2, which is a natural product of combustion 
and can only be reduced by using less fuel (less usage or better thermal efficiency) or 
alternative renewable fuels [20]. Aviation emissions are a relatively small compared 
to power generation sources and depend on fuel type, aircraft and engine type, engine 
load and flying altitude [21]. 
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The need to locate an alternative cost-effective environmentally friendly fuel becomes 
essential when global warming and airport air quality issues are to be decreased [22]. 
Moreover, there is growing political and public pressure directing air transportation to 
reduce greenhouse gas emissions, which are changing rapidly because of the quick 
development of the aviation area.  
Table 1. 1. Gas turbine exhaust emissions burning conventional fuels [23]. 
Major Species Typical Concentration (% Volume) Source 
Nitrogen (N2) 66 - 72 Inlet Air 
Oxygen (O2) 12 - 18 Inlet Air 
Carbon Dioxide (CO2) 1 - 5 Oxidation of Fuel Carbon 
Water Vapor (H2O) 1 - 5 Oxidation of Fuel Hydrogen 
Minor Species Pollutants Typical Concentration (PPMV) Source 
Nitric Oxide (NO) 20 - 220 Oxidation of Atmosphere Nitrogen 
Nitrogen Dioxide (NO2) 2 - 20 Oxidation of Fuel-Bound Organic 
Nitrogen 
Carbon Monoxide (CO) 5 - 330 Incomplete Oxidation of Fuel 
Carbon 
Sulphur Dioxide (SO2) Trace - 100 Oxidation of Fuel-Bound Organic 
Sulphur 
Sulphur Trioxide (SO3) Trace - 4 Oxidation of Fuel-Bound Organic 
Sulphur 
Unburned Hydrocarbons (UHC) 5 - 300 Incomplete Oxidation of Fuel or 
Intermediates 
Particulate Matter Smoke Trace - 25 Incomplete Oxidation of Fuel or 
Intermediates, Fuel Ash, Inlet 
Ingestion 
Carbon Monoxide reduces the oxygen-carrying of the blood through the formation of 
carboxyhemoglobin, and this increases the heart’s pumping rate to increase the supply 
of oxygen, which prompts heart-related medical problems. CO additionally 
participates in atmospheric reactions with sunlight and NOx to form ozone [24]. 
Chapter 1: Introduction
 
 9    
       
Some hydrocarbons are cancer-causing (benzene, toluene, aldehydes, polycyclic 
aromatic hydrocarbons [PAH]). Nonetheless, the primary concern for UHCs is the 
production of ozone when they react with NOx in the existence of sunlight [20].  
Ozone reduces lung function and decreases the oxygen-carrying capacity of the blood 
and subsequently impacts the heart by influencing the flow of oxygen into the blood.  
NOx is one of the essential pollutants of concern from the gas turbine and is the most 
critical at high power conditions [20]. In industrial gas turbines, the formation of NOx 
is influenced by the primary zone flame temperature [25] such as the compressor exit 
temperature which is controlled by the engine pressure ratio.  
Also, NOx interacts with moisture and ammonia in the air to form small particles of 
nitric acid which cause certain respiratory disease, for example, emphysema and 
bronchitis and can trigger heart disease.  
The formation of nitric acid likewise prompts acid rain which harms plant growth in 
sensitive soils, such as in Scandinavian forests [24].NOx additionally interacts with 
common organic compounds including ozone to form toxic chemicals such as 
nitroarenes,  nitrosamines and nitric radicals which can cause biological mutations. 
Numerous studies have shown that NOx can deplete the stratospheric ozone layer and 
increase the penetration of solar ultraviolet radiation which expands the risk of skin 
cancer [20, 23]. 
1.6 Aim and Objectives 
The main target of the thesis to control the emission and reducing their environmental 
impact.  
To meet this aim, several specific objectives needed to be met:  
1. Experimental study of different liquid fuels will determine.The comparison 
study will be between kerosene and biodiesel, the last as pure fuel and as a 
saturated mixture with pyrolytic oil will be performed to understand the 
conclusion of using liquids fuels in a gas turbine and check if saturated 
biodiesel of fuel is appropriate to operate in a gas turbine. Providing evidence 
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of the potential to use this biodiesel as substitutes or backup of conventional 
gas turbines, as these kinds of alternative fuels can reduce harmful emissions. 
2. Investigate the effect of CO2 addition to methane by measuring the flame 
stability, emission performance and CH* production. Using methane-carbon 
dioxide mixtures at atmospheric conditions, to examine the effect of CO2 
addition alongside different levels of premixing with various injection 
strategies with and without swirl and with and without central injection, where 
CO2 helps to reduce emissions. 
3. Investigate the effect of using different mixtures of CO2/CH4 blends with either 
diesel or biodiesel derived from cooking oil under atmospheric conditions, 
then flame stability and emissions will be determined by using these fuels. 
Comparison between the blends will be carried out at different equivalence 
ratios. CH* chemiluminescence diagnostics will also use and linked with the 
levels of emissions created through the trials. Where biodiesel and CO2 help to 
reduce emissions. 
1.7 Thesis organisation  
This thesis consists of seven chapters.  
Chapter 1. The introduction illustrates the basic principles of gas turbines including 
the problems of emissions, alternative fuels and health impacts from emissions.  
 Chapter 2. This chapter comprehensively reviews previous work in the area and 
discusses atomization, combustion technologies, pollutant formation, fuel blends, gas 
turbine emissions regulations and liquid and gases multiphase studies. 
Chapter 3. A review of the measuring techniques used in this work. 
Chapter 4. Comparison study from experimental results through analysis of 
atomization and combustion of kerosene, pure biodiesel and saturated biodiesel. 
Chapter 5. Study of methane and methane-carbon dioxide with a swirl burner. Flame 
stability characterisation, temperature profile, CH* production and emissions studies 
using different flow rates. 
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Chapter 6. Multi-phase studies were performed using a swirl burner. Flame stability, 
temperature profile, CH* production and emissions measurements at various flow 
rates were conducted. 
Chapter 7. Conclusions and further work, providing a summary of the main findings 
obtained with this project, suggesting several research programmes that can be carried 
out for future experiments. 
The thesis concludes with an alphabetical list of references to the works of the 
literature, cited in the text. Some of the work described in this thesis has been 
published or is in the process of publication, and has been presented at three 
conferences. For easy reference, the publications are at the beginning of this thesis. 
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2 Chapter 2 
Literature review 
Science walks forward on two feet, namely theory and experiment. 
But continuous progress is only made by the use of both.  
Robert A. Millikan 
2.1 Gas turbine power      
One area demanding significant research within the industry is the development of fuel 
flexible and dual fuel capable gas turbines. As the price of conventional fuels carries on 
to change, it is vital that modern gas turbine units can expand to a full difference of fuels 
depending on available and economically viable supply.  
That could provide new blends of fuels, which often have lower qualities. While fuel 
flexibility is beneficial, control and reduction of emissions is necessary and must be taken 
into consideration as well.  
Gas turbines have historically been able to run on many sorts of fuels, for example during 
improvement of turbine units in the 1920s; the fuels used were blasted furnace gas, 
pulverised coal and oil [3]. Current gas turbine units use a range of fuels dependent on 
their application: 
 Aerospace engines mostly use kerosene due to its high calorific content which 
lessens the amount needed and therefore weight [3].  
 Marine turbines consume diesel as it is cheap, weight being of less concern and it 
has a lower risk of explosion – significant in military applications.  
 Finally, the majority of industrial power generation turbines use natural gas as 
fuel because of its cost and minimal corrosive element content. Assuming suitable 
engineering modifications have been made, these turbines can also employ 
compatible liquid fuels as a backup in case of gas shortage [26].  
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As a result of a stable supply of comparatively cheap, low sulphur natural gas during the 
1990s, an increased deregulation of the power generation industry and need to decrease 
CO2 emissions, high-efficiency combined cycle natural gas powered turbines became the 
preferred method of power generation [28]. 
2.2 Combustion fundamentals 
Combustion in Gas Turbines is divided into three types: diffusive (non-premixed) flames; 
premixed flames and partially premixed flames. In diffusive combustion, the fuel is 
injected into the combustion chamber in a different position to the air, where it burns upon 
mixing with the air. Most aero-engine combustors are of this type. 
In premixed systems, before entering the combustion zone fuel and air are mixed [20], 
[27]. The latter type of combustion is partially premixed flame fronts this kind occurs in 
the transition of non-premixed and premixed combustion. 
Figure 2.1 shows a conventional gas turbine. This one mostly utilised non-premixed or 
partially premixed combustion due to these wide flame stability and simplicity of ignition. 
Non –premixed flames have a wider range of Air-fuel ratio (AFR) over which stable 
combustion can occur. However, NOx emissions have a trend to be higher as a 
consequence of the diffusion combustion with local stoichiometric reaction zones.  
A traditional diffusion flame combustor design as utilised in aero-engines contains a 
primary zone, a secondary zone, and a dilution zone. A constant airflow velocity is kept 
up, and the fuel flow is then increased or decreased to control the overall air-fuel ratio 
(AFR) inside the primary zone. The (AFR) is set to achieve the preferred combustor exit 
temperature or turbine inlet temperature.  
Engine power is changed by decreasing this temperature from that of maximum power. 
The maximum power turbine entry temperature has increased since the gas turbine was 
developed as turbine blade cooling systems and materials have been developed [28]. 
H class industrial gas turbines have the maximum turbine entry temperature around 
1750K. The F class has about 1600K being presently the most common power generation 
gas turbine [103, 104]. Older E class systems have turbine entry temperature of 1450K 
covering most current power generation gas turbines.  
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There is a precise AFR value in which complete combustion occurs for any specified fuel 
and air mixture. This value is called the Stoichiometric air-fuel ratio (AFR st). Mixtures 
with higher AFR than AFR st  are called lean as they have excess air, while mixtures with 
lower AFR values are termed rich as they have extra fuel.  
 
Figure 2-1 The components of a conventional combustor in gas turbine[28] 
The AFR is usually given on a mass basis [27]. In diffusion burning systems there is a 
wide variation of local A/F around the mean A/F. The primary zone is usually designed 
to be close to stoichiometric values at maximum power. Inside this local zone will be rich 
and lean zone.   
The rich zone will give difficulties with CO and soot emissions; the stoichiometric 
interface region will be where most NOX formation occurs. The aim for well-mixed or 
quickly mixed combustion is to mix the fuel and air before the primary combustion occurs 
[82, 105], thus increasing combustion efficiency. 
Actually, in practice, lean combustion, and hence low NOx is limited by the highest AFR 
(leanest) value at which stable combustion can happen. This value is known as the weak 
extinction value.  
Various authors [82, 105, 106] have reviewed published data on weak extinction for well 
mixed and premixed low NOx gas turbine flame of stabiliser designs. They demonstrated 
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that all the best weak extinctions are similar to the lean flammability limit for laminar 
flames. 
2.3 Gas turbine fuels   
Renewable fuels are in demand to reduce carbon effects from fossil fuels. Industry and 
research groups are considering many alternative fuels. The most viable options are 
synthetic kerosene, Fatty Acid Methyl Ester (FAME), hydrogenated vegetable oils, liquid 
hydrogen, methane, and ethanol/methanol.  
For the short term, synthetic liquid fuels of primary interest will be mostly derived from 
biomass, coal, heavy oil, and oil shale/tar sands. For the longer term, liquefied gaseous 
fuels (methane and hydrogen) are among the candidate fuels now being considered. All 
these fuels must be compatible with the engine and fuel system requirements. 
Hydrocarbon fuels are organic compounds consisting entirely of carbon and hydrogen. 
The combination of these fuels supports flexibility for energy independence in various 
countries across the world. Hydrocarbons in petroleum fuel are usually classified into 
three main groups: paraffinic, naphthenic and aromatic.  
1) Paraffinic oils are straight series with a general formula (CnH2n + 2) they can be found 
mostly in the United States, North Africa and Nigeria. The simplest hydrocarbons are 
methane and propane. They have a higher hydrogen/carbon ratio, high gravimetric 
calorific value, lower density and freeze point compared to other heavier of hydrocarbon 
fuels.  
2) Naphthenes are saturated hydrocarbons with general formula (CH2)n; the carbon atoms 
are linked to form rings instead of chains as in the case of paraffin. Their contributions to 
Jet fuel are about 25-35%, and they have the high gravimetric heat of combustion and 
low soot formation. Cyclopropane, (C3H6) and Cyclopentane (C5H10) are members of 
Naphthenes.  
3) Aromatic hydrocarbons are unsaturated molecules, ring compounds containing one or 
more six-member rings with the equivalent of three double bonds. They contain less 
hydrogen and lower specific energy and have a similar structure to naphthenes.  
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The general formula of aromatics is (CnH2n-6) and benzene, toluene and naphthalene are 
examples. The main advantage of aromatic compounds in the fuel is that they help to seal 
the high-pressure fuel system. However, aromatic compounds have a higher tendency to 
form soot and a substantial solvent action on rubber, which damages fuel systems. The 
chemical analysis determines the three primary sorts concentration of compounds. 
Another alternative option is biofuels; they reduce CO2 emissions for both industrial and 
aero gas turbines. Industry applications are more applied compared to aero derivatives 
because of low-temperature waxing problems at high altitude. Using of biofuels in 
industrial gas turbines must also attain low NOx.  
Table 2-1 Classification variety of gas turbine fuels [33]. 
 
 
On the other hand, as table 2.1 highlights, there are many other alternative fuels 
appropriate for gas turbine use. Before alternative fuels are considered, it must be noted 
that the properties of the fuels have a significant influence on their suitability.  
For alternative fuels to act as a suitable replacement, the following criteria must be met 
[34]. 
1. Needed resistance to spontaneous auto-ignition within the premixer. 
2. The appropriate level of resistance to a flashback where this is one of common 
combustion instabilities. 
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3. Comply with emissions production (CO2, UHC, NOx). 
4. Combustion dynamics are acceptable. 
5. Appropriate lean blow-off limits where blow-off occurs when the heat 
required by the combustible stream exceeds the one received from the 
recirculation zone.  
2.3.1 Gaseous fuels 
By far the most common gaseous fuel for industrial gas turbines is natural gas. However, 
the diminishing supply of natural gas has led to increased interest in other gaseous fuels, 
including by-products from industrial processes, low-energy gas from coke or oil, and 
coke-oven gas. All gaseous fuels are advantageous regarding high thermal stability and 
clean (soot- and ash-free) combustion. Table 2.2 lists the typical properties of common 
gaseous fuels [35]. 
One alternative gaseous fuel is syngas, short for synthetic gas. It is produced by gasifying 
coal, or other carbon-based sources, and providing carbon capture technologies are 
applied it can represent a real possibility source of a low carbon fuel. Jones et al. [35] 
stated that the fuel could be directly cleaned of carbon and the outcome is a hydrogen-
rich fuel that can be used in a gas turbine systems.   
Table 2-2 Properties of common gaseous fuels [10] 
 
On the other hand, syngas is not identical to natural gas. The flame speed of hydrogen, 
and therefore hydrogen-rich syngas, is higher, and it has a lower (per mole) calorific 
value. From an oxygen gasifier, this value is typically one-third of natural gas [36]. As a 
result, the air/fuel ratio, AFR, will need to increase to accommodate the lower calorific 
value and the speed at which the fuel is supplied may need to be raised to avoid flashback. 
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Furthermore, Wright and Gibbons [36] explained that mass flow rates, MFRs, would have 
to change throughout sections of the turbine when compared to one that is designed to 
run on natural gas.  
The compressor, for example, would produce a lower output whereas the MFR within the 
combustor and turbine would both need to increase.  
The higher fuel volumes could require an increase in piping and valve sizes which can 
result in higher cost [37]. One last concern when using syngas is the existence of 
impurities in the fuel and the possible adverse effects on the materials used within the 
turbine [26]. Despite the technological challenges, some turbines use syngas today.  
Carbon Dioxide /Methane blends have also been attempted [32, 33]. The major aim of 
introducing CO2 into the gas turbine combustor is to decrease the emissions of NOx while 
increasing CO2 concentration for carbon capture and storage. CO2 cools the flame. Thus 
the Zeldovich mechanism of NOx production can be reduced [40]. The thermal 
mechanism (Zeldovich), where the contaminant is formed under high-temperature 
conditions by reaction between nitrogen and oxygen, especially at temperatures greater 
than 1600oC. The appearance of hot spots in the combustion chamber contributes to the 
formation of these contaminants, and engineers aim to minimise their formation. 
Previous experimental and numerical studies researched the influence of diluting syngas 
fuels with various additives, including carbon dioxide, nitrogen, and steam [35, 36]. The 
studies concentrate on essential characteristics of the combustion process. The work by 
Lee et al. [41] essentially examined the influence of diluting the premix fuel had on the 
emission of NOx and CO from a model gas turbine. Lee et al. [41] showed that lessening 
in ppm NOx per unit power is logarithmically correlated to the heat capacity of the total 
additional diluent.  
H. Kurji et al. carried out an experimental study on the combustion of methane-carbon 
dioxide mixtures at atmospheric conditions by using different levels of premixing with 
various injection strategies. Results were shown that the introduction of limited amounts 
of CO2 (15%) had controlled reaction rates and temperatures in the combustion zone, thus 
producing a reduction in emissions with a decrease in flame stability at low equivalence 
ratios [43]. 
Chapter 2: Literature Review
 
 19    
       
Furthermore, using of CO2 from carbon capture and storage facilities could reduce also 
costs capture equipment further downstream the combustion zone [41]. Through, the CO2 
injected the premixed blend will reduce the reaction rate, thus reducing the temperature.  
Since carbon dioxide has a bigger heat capacity than nitrogen or steam, a smaller mass 
flow rate is required for a comparable reduction in NOx. Furthermore, the use of CO2 
from carbon hold and storage facilities could decrease costs as well as catch equipment 
further downstream the combustion zone.The high temperature of the CO2 in the CRZ 
will guarantee a quick chemical reaction of the diluted reactants, thus giving low NOx and 
CO. As well as synthesis gas, known as syngas, produced from gasification processes, is 
considered as one of the hopeful substitutional energies due to its clean fuel 
characteristics. Synthesis can be produced via gasification of several feedstocks, 
including coal, biomass and solid waste.  
Swirl flows are related to the high momentum flow region (HMFR). The central 
recirculation zone (CRZ) is moved from the central axis and generates the high 
momentum flow region placed on the shear layer. The high momentum flow region that 
accompanies swirling flows has attracted the attention of several groups interested in 
blowoff and stretching phenomena [44]. The swirl will join into high momentum flow 
region (HMFR), which is highly correlated with the CRZ. That will increase the strength 
of the CRZ but reduce its dimensions. The addition of CO2 affects the velocity of the 
flow, the mixing and the combustion characteristics, thus generating slower profiles than 
with pure methane. At the same time, it seems that the dimensions of the CRZ with CO2 
are increased [44].  
Using syngas as a fuel source can reduce CO2, NOx and other pollutants [42]. One model 
of using syngas is in Integrated Gasification Combined Cycle (IGCC) power plants 
wherever syngas fuel is combusted in gas turbines to generate power and electricity [38, 
39]. Regardless of the confirmed feasibility of syngas, the difficulty that syngases 
confront is the variation in their composition due to various feedstock and production 
procedures. Moreover, the shortage of understanding of the combustion characteristics of 
syngases poses difficulty in the design of syngas-specific systems and combustors [47], 
thus making flexible plans a challenge that requires further research.  
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Regarding hydrogen, the higher combustibility of this gas has received bigger attention 
as an additive to fuels for extending the lean combustion limits of gaseous fuels as it 
resulted in favourable flame temperatures and decreased NOx emissions.  
Mixtures with the higher air-fuel ratio (AFR) than stoichiometric air-fuel ratios (AFRst) 
are termed lean as they have excess air, whereas mixtures with lower AFR values are 
termed rich as they have excess fuel. Lean premixed combustion has become the most 
promising technology for emission reduction in gas turbine combustion systems [48]. 
Increase lean premixed combustion limit is possible by mixing hydrogen with gaseous 
hydrocarbon fuels for combustion in traditional gas turbines and can produce power with 
low emissions of nitrogen oxides (NOx) [48]. 
2.3.2 Liquid fuels   
While natural gas is now the fuel of traditional use for land-based gas turbines, liquid 
fuels are used in areas where natural gas has a restricted supply or is not available as can 
be seen in figure 2.2 [37]. They can be utilised as a backup fuel driven by a global effort 
to reduce emissions and our dependency on fossil fuels. One of the replacements that are 
probable to increase in popularity is biodiesel.  
The fuel can be created from the following branches: coco, palm, rape-seed, sunflower, 
peanut, soya, cotton, sugar cane, jatropha, algae or animal fat by-products [33]. Moliere 
[33] states that the fuel has a 10% lower heating value than that of diesel oil.  
 
Figure 2-2 Examples of liquid fuel usage with gas turbines on a global scale [37]. 
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Therefore, biodiesel, like syngas, would require a higher volumetric flow rate to 
accomplish the same power output. The benefits of using biodiesel over diesel include 
better lubricity [49], and carbon dioxide net emissions are reduced by ~60%, inclusive of 
the crop growing and related absorption. The flash point of biodiesel is also higher 
(>100°C), this is especially beneficial to increase the flash point of conventional diesel. 
For example, in India, the average diesel flash point is 44°C, 11°C lower than the world 
average [49]. That increases the safety of the system as there is a reduced risk of 
accidental ignition. Despite the positives, there are some disadvantages in using the fuel. 
The fuel can harmfully affect the elastomers found in gaskets and seals within the gas 
turbine, so selecting compatible components is a must [50]. 
 
Table 2-3 The kinematic viscosity at various temperatures for diesel, pure biodiesel 
(BD100) and vegetable oils. [51] 
  
Gupta et al.[50] explained that alternative fuels (jatropha-based) have a higher viscosity 
in vegetable oil form and a lower calorific value. The higher viscosity then increases the 
trouble of atomization, clogs fuel nozzles and affects combustion. The variation of 
kinematic viscosity for diesel, biodiesel and various vegetable oils can be seen in table 
2.3. It is clear that viscosity can be reduced by heating the fuel. Transesterification is 
another procedure that can be used to achieve the same result [52]. 
Biodiesel is considered a more environmentally benign fuel that can be used in gas 
turbines without significant modification and has advantages over diesel regarding 
sulphur content flash point, aromatic carbon content and biodegradability [53]. In gas 
turbines, biodiesel has demonstrated a reduction of un-burnt hydrocarbons (UHC), carbon 
monoxide (CO) and particulate matter (PM) without reducing the power output 
significantly [54]. Experiments have shown a reduction of 12% in both CO and PM 
emissions and 20% of UHC emissions by co-firing 20% biodiesel in diesel fuel blends. 
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Emissions reduction was about 48% for CO and PM and 68% for UHC when using 100% 
biodiesel. However, there was a minor increase in NOx (1–6%) [50].  The presence of 
extra (fuel-bound) oxygen produced overall leaner combustion, which has the benefit of 
increasing the thermal efficiency [55]. Uncontrolled emissions such as Polycyclic 
Aromatic Hydrocarbons (PAH) were also found to be less prevalent during biodiesel 
combustion.  
CO2 emissions aside, biodiesel can be considered a cleaner fuel than fossil-derived diesel 
because it has almost no sulphur content (typically less than 15 ppm), no aromatics and 
contains about 10% oxygen, which can improve the overall combustion process. 
Biodiesel also has a comparatively high lubricity and can hence be used as a lubricating 
agent for traditional diesel blends [56]. 
Panchasara et al. studied the combustion performance of biodiesel and diesel – vegetable 
oil blends in a simulated gas turbine combustor [57]. These experiments were performed 
at atmospheric pressure with air-assisted injector/atomisers and swirling flows. The 
results showed that fuel chemistry effects were minimal since combustion emissions for 
a given fuel were largely dependent on the atomization process.  
Campbell et al. studied alternative fuels available for gas turbines and, amongst others, 
focused on vegetable oils [58]. They highlighted several features of vegetable oils that 
would require special consideration such as transportation, storage, delivery and injection 
into industrial gas turbines.  
Hashimoto et al. [8]  compared the emissions of palm-derived biodiesel with those of 
fossil-derived diesel in a gas turbine burner. The result indicated that NOX emissions for 
palm biodiesel were consistently lower compared to those of diesel when plotted as a 
function of excess air ratio, average droplet diameter, atomising air pressure and viscosity. 
These results indicate that biodiesel has the potential to produce lower NOX emissions 
than diesel under gas turbine conditions, opposing to the higher NOx emissions measured 
in reciprocating compression-ignition engine experiments [59].   
Biodiesel and diesel have differences in physical properties, and it is, therefore, necessary 
to study the spray characteristics of biodiesel about its application in internal combustion 
engines and gas turbines.  
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Senatore et al. [60] analysed results of an experimental study fuelling a common-rail 
diesel engine with 100% rapeseed biofuel, comparing his findings with a blend of 
rapeseed and Used Fried Oil (UFO), showing good correlation between fuels. Zhao et al. 
[61] observed that the spray penetration and spray cone angle of biodiesel were larger 
than those of diesel. 
Likewise, Lee et al. [62] studied the atomization characteristics of biodiesel-blended fuels 
using a spray visualisation system and phase Doppler particle analyser. They deduced 
that the blended biodiesel fuels had comparable spray tip penetrations to traditional diesel, 
but higher Sauter Mean Diameter (SMD) because the viscosity and surface tension of the 
biodiesel was upper than the regular diesel fuel. Being a crucial topic for the improvement 
in burnout and a key factor in emissions, advanced laser-based spray quantification 
techniques have been used and developed to understand atomization patterns for diesel 
and biodiesel [57, 58].  
The biodiesel was used in chapter four is a by-product of a biomass gasification process; 
specifically a liquid condensate from the product gas cleaning process. That a crucial 
stage in the thermal conversion of biomass, particularly when the main product gas 
components CO and H2, are used for Fischere-Tropsch synthesis, or as high purity fuel 
[65]. Biodiesel is widely used for scrubbing the raw syngas as it effectively removes the 
condensable (heavier) hydrocarbons produced from biomass pyrolysis. Experimental 
investigations have been carried out on similar post-scrubbing liquids where combustion 
of blends of pyrolytic oil, biodiesel or ethanol in engines and boilers [60, 61] have proved 
the suitability of the approach. That has included large-scale applications and highlighted 
a need to standardise the trade of this product [68]. 
Cappelletti et al. redesigned a micro gas turbine to permit stable combustion of pyrolysis 
oil showing that the combustion is only stable in the combustor's secondary zone [69]. H. 
Kurji et al. investigated a comparison among three fuels, kerosene and a biofuel in 
unsaturated and saturated form, were tested to compare the relative performance of the 
saturated biodiesel for gas turbine applications.  
It was observed that use of the saturated blend would result in higher NOx concentrations 
in the exhaust with less oxygen and CO emissions. It has been shown that the ideal 
operability region for the saturated biodiesel is at very lean conditions [70]. 
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Hashimoto et al. [71] investigated the potential of jatropha biodiesel using a swirl liquid 
flame gas turbine burner. It was reported that larger jatropha biodiesel droplet was 
generated compared to baseline diesel fuel. Emission wise, jatropha spray flame produces 
higher CO at a low flame temperature (<1300oC) due to low fuel evaporative, but similar 
NOx emission level as diesel was detected. 
The radiation intensity and soot emission were reported to be lower with the increase in 
a blend ratio of jatropha pure oil/jatropha biodiesel with diesel. In a separate test 
conducted by the same group [8], the spray combustion characteristics of palm biodiesel 
were compared against baseline diesel fuel.  
Apart from the reported lower NOx emission, the tendency to form soot and the luminous 
flame was found to be lower for palm biodiesel. Chong and Hochgreb [72] compared the 
spray combustion properties of palm biodiesel with baseline fuels of Jet-A1 and diesel 
using a model gas turbine burner. The result shows that NOx emission was reduced in the 
case of palm biodiesel, while CO emission was not affected. The burner flow field has 
been extensively characterised under reacting and non-reacting conditions [73]. 
Sequera et al. [74] utilised an airblast-injector type axial swirl combustor to compare the 
emissions of soy methyl ester, soy methyl ester and bio-oil pyrolysed from hardwood 
against diesel fuel. The result shows lower emissions of NOx and CO for biodiesel-
blended fuels under constant mass flow rate test condition. Bolszo and McDonell [75] 
reported higher NOx emission when using soy-based biodiesel in a 30 kW MGT 
(Capstone C30) test conducted under non-reacting and reacting conditions.  
Under cold spray condition, soy-based biodiesel was observed to generate larger droplet 
size compared to diesel. That subsequently led to higher NOx emission for biodiesel 
under reacting condition due to longer evaporation time scale [76]. It was further 
demonstrated that increasing atomization air-to-liquid mass ratio resulted in improved 
spray atomization quality for biodiesel, which is effective in lowering post-combustion 
NOx emission [75].  
Biodiesel for a gas turbine to improve the fuel flexibility was studied to meet emissions 
goal and reducing operating cost. The characteristics of spray combustion of rapeseed 
biodiesel/methyl esters (RME) and 50% RME/diesel blend were examined and compared 
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with conventional diesel fuel, using a model swirl flame burner [77]. The reacting droplet 
distribution within the flame was determined using phase Doppler particle anemometry. 
Blend 50% RME with diesel outcomes a significant reduction in soot radiation. RME 
emits 22% on average lower NOx emissions compared to diesel under lean burning 
conditions. 
2.4 Multiphase combustion  
Studying multiphase combustion is vital because at this time a very high percentage 
(80%) of energy is produced by combustion of liquids such as gasoline, solids such as 
coal, and gases such as natural gas.  
For instance, during the first decades of the twenty-first century, more than 50% of the 
electricity in the United States was made by coal-fired furnaces [78]. This tendency is 
expected to continue for several decades. Therefore, energy generation will remain 
heavily dependent on combustion technology.  
Most practical devices include turbulent combustion, which needs an understanding of 
both turbulence and combustion, in addition to their influences on each other. Industrial 
furnaces, liquid rocket engines, diesel engines and devices using solid propellants contain 
multiphase and turbulent combustion. 
Single-phase turbulent reacting flows are complex enough for modelling and numerical 
solutions, some of these flows are still unsolved problems of our time. The difficulty of 
the problem rises even further with the existence of multiple phases. 
On the other hand, to decrease pollutants means reducing maximum flame temperature 
and lessen the size of fuel-rich zones where the concentration of fuel rich and high-
temperature gradients can arise. To complete these aims an in-depth knowledge of 
multiphase flow processes, spray dynamics, and the interface between the liquid and gas 
phase is essential. Therefore, various modelling approaches have been developed that 
include attention of many multiphase gas-liquid flows and spray phenomena, for 
example, primary and secondary atomization, droplet propagation and evaporation, 
droplet collisions, etc. Reviews by [73, 74]. The resultant multi-phase flows are very 
complex processes, including turbulence, mass and heat transfer, droplet dynamics and 
phase changes that are strongly connected.  
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Thus, a full understanding of spray behaviour is very challenging yet critical regarding 
the upgrading of the efficiency of modern combustion devices to meet future restrictions 
on pollutant emissions. 
There is an ever-increasing need to understand multiphase combustion because of their 
extensive application in energy, transportation, environment, propulsion, industrial 
safety, and nanotechnology. More engineers and researchers with skills in these areas are 
required to solve many multifaceted problems. Multiphase reacting flows have been main 
research issues for many decades, and studies in these regions are expected to continue at 
even greater speed. 
Theoretical methods have accomplished some degree of success. However, in the past 20 
years, improvements in computational ability have enabled major progress to be made 
toward comprehensive theoretical modelling and numerical simulation.  
Experimental diagnostics, especially nonintrusive laser-based measurement techniques, 
have been developed and used to get accurate data, which have been used for model 
validation.  
One of the challenging subjects is to deal with combustion in two-phase flows. Such as 
gas turbines, for instance, the fuel is introduced in a liquid form. The liquid fuel is 
atomised, and the scattering phase interacts with the air flow which is usually swirled to 
obtain compact flames.  
This two-phase turbulent reactive flow is characterised near the flame region by a 
polydispersity evaporating spray interacting with an unsteady flow and a flame. 
Therefore, one simply infers the key role of evaporating sprays and spray interactions 
with vortices in the understanding of the dynamics of combustion systems.  
Burners were fed by liquid fuels are also inclined to instabilities which often feature large 
synchronised coherent flow structures carrying the scatter fuel phase periodically to the 
flame [75, 76]. 
The modelling of two-phase combustion should take into account complex physical 
phenomena like the evaporation of sprays, droplet interactions, and the spray interaction 
with the flow and flame.  
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Here again, measurements come as a key input in the understanding of fundamental 
physical mechanisms, and as a benchmark for links with simulations in well-controlled 
patterns.  
Lemaire et al.[82] examined the interaction of a vortex with flat diffusion flame in a two-
phase flow imaging the flame front with Laser Induced Fluorescence (LIF) on CH 
radicals. In the experimental field, attempts have been made in the last decades to reach 
quick and dependable measurements on the vapour and liquid phases of droplets 
simultaneously in sprays. Many laser-based techniques have been developed for the 
discrete characterisation of either vapour phase or the liquid phase of evaporating 
droplets.  
Different modelling method currently exists for multiphase flows such as Eulerian-
Lagrangian, Eulerian Multiphase, Volume of Fluid (VOF), etc. The most commonly used 
are the Eulerian-Lagrangian method, also known as the Discrete Droplet Model (DDM). 
This method is particularly appropriate for modelling dilute sprays but has some 
disadvantages in the near-nozzle area on the lack of the physics in a dense spray, where 
particle contact is strongly affected by the collision [83].  
Several researchers have used the Lagrangian-Eulerian approach, and various 
improvements to the basic scheme have been suggested [77, 78]. This method has been 
controlled in guessing the behaviour of spray.  
Although many researchers and engineers have used the Lagrangian-Eulerian formulation 
as a numerical simulation tool for an estimate of characteristics of complex multiphase 
flows to guide their engineering devices design, the concept and application have severe 
limits.  
The near-nozzle region, this formulation is very sensitive to the grid resolution [85] and 
is restricted to the adequate representation of dense spray. Oppositely, the main benefit 
of the Lagrangian-Eulerian formulation is finding a detailed physical explanation of 
single parcels of the dispersed phase in the gaseous flow field. 
Harlow [86] developed a numerical technique for the multiphase flow dynamics in which 
several areas interface and interact with each other.  
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An efficient use of liquid fuel and produced pollutant emissions depend on the fuel-air 
mixture process, which is strongly affected by the spray dynamics.  
One of the main issues this doctoral thesis has been focused on that multi-phase studies 
were performed using a swirl burner. Flame stability, temperature profile, CH* 
production and emissions measurements were conducted. 
However, the complexity of multiphase combustion still requires rest researchers on 
atomization and combustion fundamentals, some the aims of this study. 
2.5 Atomisation   
The atomization procedure within modern gas turbines is imperative as the resulting 
smaller droplets of fuel let it burn easier and more reliably within the combustor.  As the 
droplets are formed, the surface area to volume ratio of the fuel is expanded. 
 A perfect atomiser would supply consistent spray quality (SMD for example) during the 
operating range of the gas turbine. However, the variable amounts of fuel required at 
different power outputs and the variable pressure at which it is supplied mean this is not 
frequently completed [10]. The atomization process can, for the most part, be divided into 
fragments; primary and secondary atomization [10].  
Essential atomisation considers the initial stage where the liquid first leaves the exit 
orifice and breaks into ligaments and shreds. Secondary atomization is the procedure of 
these ligaments and shreds disintegrating further into spherical droplets. The atomization 
process is “a disruption of the consolidating impact of surface tension by the activity of 
internal and external forces’’ [10].  
As these forces go over the uniting force of the surface tension and initially break up the 
fuel, the surface tension then pulls the liquid back into a form of minimum surface energy 
into the shape of a sphere. As expressed by [10], there are also many variables which 
affect the atomization quality including the atomiser’s dimensions, the properties of the 
fuel used and the gas into which the fuel is released.  
Chapter 2: Literature Review
 
 29    
       
2.5.1 Breakup of liquid droplets in air  
Liquid breakup in the air is the simplest manner of atomization, the theory of which has 
been widely examined and assessed. Aerodynamic forces (induced by increased liquid 
droplet velocity or atmospheric air velocity), surface tension and the inertia of the liquid 
all add to the breakup procedure, and four primary systems of a breakup have been 
acknowledged [87]. These are shown in figure 2.3.  
 The first is the Rayleigh drop breakup. For this situation, droplet diameters are 
greater than the jet diameter with breakup occurring downstream of the nozzle. 
 The second is the first wind-induced regime. Droplets in this regime are a similar 
size to that of the jet diameter. Finally, the breakup happens downstream of the 
nozzle. 
 The third is the second-wind induced regime. The average droplet diameters are 
smaller than that of the jet diameter, and the breakup launches to occur closer to 
the nozzle orifice. 
 The last regime is known as atomization. The drop sizes are considerably smaller 
than that of the jet diameter, and breakup launches as the liquid exits the orifice 
of the nozzle –this is the regime that is required for modern combustion systems. 
As Lin and Reitz [81] state, for both the Rayleigh and the first wind-induced regime, “the 
growth of long-wavelength, small-amplitude disturbances” is thought to initiate the 
breakup of the liquid. These disturbances are the outcome of the interaction between the 
flow itself and the ambient gas in which the flow is present.  
Higher speed liquid jets, as seen in figure 2.3 (C) and (D), are believed to result from 
waves with shorter wavelengths. As the relative velocity of the liquid grows about the 
ambient air, the surface tension faces the formation of unstable waves and so the liquid 
breaks into droplets [27]. For gas turbine combustion systems, the atomization regime is 
required because this is where the smallest droplets are made and later the largest surface 
area to volume ratio can be accomplished.  
Figure 2.4 details the same four regimes of flow. These restrictions were the result of jet 
breakup length experimentation by Ohnesorge [88]. Baumgarten [88] also states that 
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Ohnesorge showed that the breakup process could be defined by the Weber number 
(equation 2.1) of the liquid and the Reynolds number (equation 2.2). 
 
 
Figure 2-3 The four regimes of a breakup [89] 
                                                                We=
u2Dρ
σ
                                               (2. 1)    
 
                                                                  Re=
uDρ
μ
                                                   (2. 2) 
Where  
u     : Relative velocity [m/s] 
D    : Droplet diameter [m] 
ρ     :     Density of liquid [Kg/m3] 
σ     : Surface tension [N/m] 
µ      : Viscosity [Pa.s] 
By then eliminating the velocity of the jet u, Ohnesorge derived the Ohnesorge 
number, Z, equation 2.3. The number is dimensionless and as Baumgarten [88] 
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states, contains all the connected properties of the fluid as well as the orifice 
diameter from which the liquid exits. 
                                                               Z=
√We
Re
=
μ
√σρD
                                       (2. 3)   
Figure 2.4 shows the fact that atomization needs a high Reynolds number and that a large 
Ohnesorge number is also desirable. Equation 2.3, the Ohnesorge number, dictates that 
low surface tensions, liquid densities and orifice diameters are all beneficial factors while 
trying to achieve atomization [88]. 
 
Figure 2-4 Modes of disintegration [88] 
2.5.2 Classification of atomisers  
The atomiser is an instrument that is used for liquid atomization. Varied sorts of shapes 
of atomisers are used in practice, and their design can be divided into three main sets 
listed below. None of them is perfect, and each atomiser has its advantages and 
disadvantages above others. 
A. Pressure atomizers  
Pressure atomisers are established on the conversion of pressure into kinetic energy to 
accomplish a high relative velocity between fuel and surrounding air. These sorts of 
atomisers are the most widely used. Their main advantages are simple construction and 
no requirement for additional energy or medium [90].  
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B. Twin-fluid atomizers  
General twin fluid atomisers use the kinetic energy of pressurised air or stream to 
fragment liquid into drops. Two different groups are recognised air-assisted and airblast 
atomisers. Typical advantages of these types are good atomization with low liquid 
pressure and the capacity to atomise more viscous liquids [18].  
C. Other atomizers  
In the industry, a lot of other atomisers may be an encounter like effervescent, rotary, 
electrostatic, acoustics, ultrasonic, etc. [91].  
2.5.3 Traditional atomization issues  
There are numerous applications for which improvements in atomization, or atomiser 
operational parameters, would be helpful. Several areas, confront the issue, of atomising. 
High viscosity liquids, including paint applications [92], pharmaceutical granulation, 
coating, spray drying [93], waste incineration [94], as well as combustion of biofuels[95], 
low-grade fuel oils [96], used oil [97], and coal slurries [98].  
Many of these liquids have solid particles suspended within them, either by design or as 
contaminants, which present the challenges of clogging and nozzle corrosion [98]. To 
achieve proper atomization, many nozzles incorporate a small exit orifice diameter, which 
decreases the liquid jet diameter.  
However, increasing the liquid velocity may increase shear between the jet and ambient 
air. While the exit diameter is reduced, clogging becomes more prevalent [98].  
Moreover, reducing the exit diameter results in an increased liquid velocity then 
promoting erosion, particularly when solid particles are in the liquid. These problems lead 
to increased repairs costs or change rates for the atomisers  [98]. 
Perhaps the greatest stringent factor for enhancing atomization processes originates from 
increasingly strong regulations on pollutant emissions from combustion. The formation 
of emissions is submissive to a massive grade on droplet size [99], air-fuel mixing [100] 
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and fuel distribution [101]. The power, wear, carbon deposits and efficiency of an engine 
are influenced by these reasons also. 
Despite most combustion processes helping from smaller drop sizes, there are 
applications which care with the range of droplet sizes for instance paint spraying [92] 
and crop spraying [102].  
For the spray applications, droplets below a particular size do not reach their intended 
surface and are lost to the environment with potentially harmful influences, whereas if 
black liquor droplets are too small, they are transferred away by flue gases into boiler 
tubes where their sedimentation can cause clogging difficulties. 
2.5.4 Effervescent atomisation  
The twin-fluid atomisers defined above, in which air is used either to increase atomization 
or as the main driving force for atomization, commonly has one vital feature. In the 
beginning, the bulk liquid is atomised and transformed into a jet or sheet before being 
exposed to high-velocity air.  
 
Figure 2-5 Plain-orifice effervescent atomiser  
An alternative method is to introduce the air directly into the bulk liquid at some point 
upstream of the nozzle discharge orifice. This air is injected at low velocity and shapes 
bubbles that produce a two-phase effervescent flow at the discharge orifice. When the air 
bubbles appear from the nozzle, they expand so quickly that the surrounding liquid is 
shattered into droplets [18]. 
Chapter 2: Literature Review
 
 34    
       
Most of the research achieved on effervescent atomization [18, 98] has used atomisers of 
the plain-orifice type shown in figure 2.5. A disadvantage to this simple concept is that 
the spray cone angle is quite small, naturally around 20° [104].  
Most gas turbine combustors need injectors that distribute the fuel in the form of a conical 
spray of approximately 90° involved angles. Whitlow et al. [105] have studied some 
different types of effervescent atomisers designed to produce wide-angle sprays.  
The single design was the same as the atomiser shown in figure 2.5., except that the 
single-hole orifice was changed with four equally spaced holes drilled at an angle of 40° 
from the axis of the mixing tube.  
 
 
Figure 2-6 Stages of fuel atomization with varying pressures in a traditional pressure atomiser [26]. 
The essential quantity with effervescent atomization of atomising gas is far less than that 
of traditional air assisted atomisers, and so the likelihood of using fuel gases instead of 
air is possible. The technique produces a two-phase flow within the atomiser. As the two-
phase flow leaves the exit orifice, if the primary pressure drop exists, the threads and 
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ligaments of the liquid are shattered into droplets as the gas phase of the flow expands 
downstream [101] as can be seen in figure 2.6.   
 
Figure 2-7 Operation of an effervescent atomiser [106]. 
The injector employs inside-out gas injection for the gas insertion as shown in figure 2.7. 
Primarily, effervescent injectors could be defined into two configurations based on the 
gas injection method: inside-out and outside-in configurations.  
Inside-out is superior when using low liquid flow rates, while outside-in is better with 
high liquid flow rates [103]. 
2.6 Pollutant formation   
2.6.1 Oxides of nitrogen (NOx)  
The term NOx is expressing the formation of NO and NO2. Nitric oxide (NO) formed in 
the combustion process, with factors appropriate to NOx formation being those of high 
temperature, long residence time and high pressure.  
On the other hand, NO2 shaped by oxidation of NO by HO2 in the reaction zone under 
very lean conditions at low temperature where a high amount of excess air also exists.  
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The degree of oxidation is too slow to provide major transformation in short residence 
times, and the concentrations of nitrogen dioxide are commonly less than that of NO. 
Four different mechanisms can form nitric oxides: thermal, nitrous oxide, prompt, and 
fuel nitrogen [82, 107]. 
2.6.2 Carbon monoxide (CO)  
This kind of pollution is a hazardous gas that forms carboxyhemoglobin with blood, 
which lessens the oxygen-carrying capacity of the blood and puts an extra effort on the 
heart. Death happens after 30 minutes for concentrations over 3000ppm of Carbon 
monoxide. Otherwise, in low levels, it still acts in the oxygen-carrying capacity of the 
blood.  
On the other hand, CO is a reactive gas, which takes part in ozone construction chemistry 
in the atmosphere. Carbon monoxide emissions emit from traditional gas turbines are 
usually under 10 ppm at maximum power, but often increase at low loads or parts loads 
[10]. CO is formed through different ways [10]. 
Carbon monoxide equilibrium is very high for rich mixtures and low for lean blends and 
can be calculated at the equilibrium adiabatic flame temperature. 
2.6.3 Unburned hydrocarbon (UHC)    
Incomplete combustion of hydrocarbons fuels leads to generate unburned hydrocarbons. 
That can be due to insufficient residence time [31], the addition of quench air too soon 
and poor fuel and air mixing.  
Poor fuel atomization for liquid fuels can give the extra source of UHC [82, 107]. UHC 
has unreleased chemical energy, and that provides increased to the combustion efficiency. 
Escott et al. [108] showed that for a 330 mm long combustor the critical temperature 
(1700K) for UHC increases because of insufficient residence time, beyond this 
temperature UHC emissions were very low at ~1ppm.  
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2.6.4 Particulate matter 
Particulate matter (PM) is characterised by diesel emissions regulation as any material 
collected on a specified filter paper when dilution cools the exhaust to between 42 and 52 
⁰C [105, 109]. Particles contain a volatile portion produce from unburned liquid fuel and 
lube oil, and from carbon emissions.  
There are methods for estimating particle mass (first order approximation methods)[105, 
109] that approximate the volatile fraction from the total hydrocarbons, the sulphate 
fraction from fuel sulphur and the carbon fraction of the smoke number  (filter reflectance 
or blackness) [105, 109].  
Various sources produce particulates, including industrial processes, power generation, 
and transportation activities. These emissions from combustion sources burning fossil 
fuels have raised certain interest in recent years from environmental regulatory agencies 
because of health effects [110]. 
2.7  Swirler aerodynamics              
2.7.1  Characteristics of swirl flow  
To improve the mixing pattern and control the flame to attain a minimum level of NOx 
emissions and a high intensity of combustion, swirling flows are used for stabilisation as 
shown in figure 2.8 [20, 111, 112]. The swirling flow has a rotational velocity around a 
central axis in addition to an axial flow.  
It produces a toroidal reversal flow which entrains and recirculates a portion of the hot 
combustion products to mix by entering the air and fuel to stabilise the flame [20, 111, 
112]. This sort of recirculation zone (figure 2.8) delivers better mixing and active shear 
regions, high turbulence and rapid mixing rates [20]. The flow recirculation is generated 
by the low static pressure in the central core downstream of the swirl, which becomes low 
enough for the formation of a reverse flow as the swirl number reaches a critical value 
[20]. Swirling flows represent one of the main advantages of swirling devices, with of 
centrifugal forces which incline to accelerate the mixing of two flows having different 
densities [20, 111, 112]. 
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Figure 2-8 Swirl flow with internal zone recirculation [10] 
Regarding adding carbon dioxide to methane blends in swirl burner, where the high 
temperature of the CO2 in the CRZ will guarantee a quick chemical reaction of the diluted 
reactants. Thus giving low NOx and CO, as well as synthesis gas, known as syngas, 
produced from gasification processes, is considered as one of the hopeful substitutional 
energies due to its clean fuel characteristics. Synthesis can be produced via gasification 
of several feedstocks, including coal, biomass and solid waste.  
Swirl flows are associated with the high momentum flow region (HMFR), the central 
recirculation zone (CRZ) is displaced from the central axis and generates the high 
momentum flow region (HMFR) placed on the shear layer [44].  
2.7.2  Swirler type and configuration  
Several low NOx gas turbines use swirling flows in the primary zone [19, 20]. However, 
the flow in this section has high shear stresses and strong turbulence intensity due to 
vortex breakdown, providing better mixing compared to bluff bodies [19, 20].  
Figure 2.9 shows axial and radial swirl; these swirls are used in both tubular and annular 
combustors depending on the use. The air is directed through angled routes, which causes 
the air to rotate about the combustor centre line. The swirling flow then increases, with a 
recirculation zone being formed.  
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The size of the recirculation zone is increased as the vane angle, and swirl number is 
raised [20]. The air enters the combustor straight from the compressor outlet in the axial 
direction than in the axial configuration, while in radial configuration the air passes across 
the combustor walls before making a 180° turn to enter the combustor.  
Axial swirls continuously have a large diameter compared to radial swirl for the same 
flow capacity and pressure loss. The higher swirl airflow required for lean low NOx 
combustion needs larger flow capacity swirls, which need a larger axial swirl diameter. 
On the other hand, radial swirls do not require a larger diameter, and the flow can be 
increased by increasing the vane depth [31].  
A radial swirl produces a stronger central recirculation zone and delivers a widely 
dispersed, flat swirling mechanism attached to the swirl face, with more chance of fuel 
impingement on the wall compared to axial swirl [19].  
Multiple swirlers can be arranged into either a counter-rotating or a co-rotating direction. 
The effects of both configurations on the flow field have been investigated [19]. The main 
differences between co-rotating and counter-rotating are the distribution of turbulent 
kinetic energy and shear stress near the exit [19].  
The performances of counter-rotating and co-rotating swirls have been examined and 
found that the organisation of counter-rotating is more appropriate than its co-rotating 
counterpart [113].  
Counter-rotating swirls are more necessary because of the strong shear layer and high 
intensity for these type. Which increase the level of mixing in the downstream section of 
the fuel injector. On the other hand, low NOx emission levels were found with the co-
swirl formation compared to counter-swirling for both gaseous and liquid fuels [19].  
Andrews et al. [114] found that a counter-rotating radial swirl with vane channel injection 
has low NOx emissions compared to co-rotating which has better flame stability. The 
same researchers reported that using a splitter plate between the two swirls formed a 
separation of the upstream airflow, which enhanced the flame stability with a central pilot 
injector [99, 100]. A 40mm splitter plate between the two 76mm outlet radial swirls was 
used in this work to improve the flame stability and to increase the mixing.  
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Swirling flow intensity is indicated by the swirl number (S), which is defined as ’’the 
ratio of the axial flux of angular momentum to the axial flux of axial momentum’’ [19, 
20, 112]. The swirl number has a great impact on the shape and size of the recirculation 
zone. Numerous examinations on the influence of swirl number showed that the size of 
the central recirculation zone increased as the grade of swirl increased [20]. 
 
Figure 2-9 Axial and radial swirl [10]. 
 
                            
2.8 Combustion instabilities  
 Usually, premixed combustion systems incline instabilities. Barrere and Williams [115] 
listed three different types; 
1. System instabilities – Instabilities that happen because of interfaces between 
procedures occurring within the combustion chamber and other components of the 
system.  
2. Combustion chamber instabilities – These types are confined to the combustor. 
2.1. Acoustic Instabilities – The influence of acoustic waves propagating throughout 
the combustion chamber. 
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2.2. Shock instabilities – These due to detonation waves or steep-fronted shock 
waves. 
2.3. Fluid-dynamic instabilities – Correlated to special sorts of flow patterns within 
the combustion chamber. 
3. Intrinsic instabilities – Take place because of the reactants themselves irrespective of 
the system. 
 
 
Figure 2-10 Feedback loop is potentially explaining combustion instabilities [116]. 
The primary mechanisms of combustion instability are that of heat release dynamics and 
acoustic oscillations. Since these processes happen within a closed system, given the 
correct conditions, these mechanisms can interact with each other as demonstrated in 
figure 2.10 [19].  
If the pressure fluctuations are small-amplitude (less than 5% of the mean chamber 
pressure), the combustion is considered stable. However, a combustion process with 
large-amplitude periodic pressure oscillations can be described as unstable [19]. Mongia 
et al. [117] showed that low-frequency instabilities are those that have a frequency less 
than 30Hz and are observed under lean running conditions near blowout. 
Between 100-1000Hz, frequencies are described as transitional and are usually associated 
with equivalence ratio and acoustic fluctuations. Often arise in flame temperature results 
in higher amplitudes for intermediate frequencies. Interactions between acoustic 
oscillations and flame growth are stated as the reason for high-frequency instabilities, 
those over 1000Hz.  
Stable and an unstable flame are shown in figure 2.11. Where the steady flame is blue in 
colour, conical in shape and the corner recirculation zone can be seen to be free of 
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chemical reactions. The unstable flame is red and seems far less organised.  Sun et al. 
[118] suggested a method of assessing flame stability regarding its colour, geometry, and 
luminance in fossil-fuel-fired furnaces, and proved the method by applying it to a heavy-
oil-fired combustion trial device. 
 
 
 
Figure 2-11 Comparison between a stable and unstable flame, top, and bottom respectively [19]. 
2.9 Gas turbine emission regulations    
Emissions legislation to stationary gas turbines varies from country and region depending 
on the different governments and the existing level of pollution in the region. This 
legislation usually for full power conditions is expressed as part per million (ppm) on a 
dry gas basis and corrected to 15 % oxygen.  
For example, in the USA, Environmental Protection Agency (EPA) manage the 
emissions, and 75 ppm of NOx emissions were the previous limits for natural gas. 
Nowadays, NOx limits are under 25 ppm (governed by the federal government) and less 
than 10 ppm in California [7, 18]. However, in Europe, the European Parliament by the 
Pollution Prevention and Control Bureau (EIPPCB) control emissions legislation, where 
NOx limits being less than 25 ppm for NG and less than 45 ppm for liquid fuels. 
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Stationary gas turbines working at full power the normal CO limit is from 10 to 40 ppm 
at 15 % Oxygen [7, 18]. On the other hand, aircraft engines the exhaust gas emissions 
must submit with applicable regulations represented by the International Civil Aviation 
Organisation (ICAO). Limits for emission are further complex because of the variation 
of power setting through a standard flight (much higher emissions during take-off than 
when idle) [7, 18].  
2.10 Chemiluminescence spectroscopy 
Chemiluminescence, as the name proposes, is the light that is created due to chemical 
reactions. It is the spontaneous electromagnetic radiation that is created when chemically 
produced motivated states return to a lower energy state [107]. Chemiluminescence forms 
a part of the wider field of emission spectroscopy. Especially, it deals with emissions 
from the excited molecules OH*, CO2* and CH*[120].  
 
Figure 2-12 General stages involved in a chemiluminescence reaction mechanism.  
The spectrum variation in electronic states of the molecules limits the location of the 
molecular band system overall. The place of the single band within the band system is 
determined by the variations in the vibrational energy states of the molecule [122, 124]. 
Furthermore, the fine line structure of the individual bands is determined by the changes 
in the rotational energy states in the molecule.  
Because of the net photon emission, chemiluminescence from an excited molecule for 
example ( OH*), can be determined by the following steps as shown in figure 2.12  [124, 
125]. 
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1) Excited state formation via chemical reactions (C),  
2) Excited state formation via thermal excitation (T),  
3)  Quick collisional quenching reactions that eliminate the excited state, decreasing 
to the ground electronic configuration non-radiatively (R), 
4) Reactive collision with a different molecule (Q).  
5) Spontaneous radiative transitions to the ground state (A). 
Radiant species usually formed through chemiluminescence in hydrocarbon flames 
contain OH*, C2*, and CH* [124]. Table 2.4 gives their primary emission band locations 
and the reactions.  
Some researchers have correlated these chemiluminescent features to significant flame 
factors, for example, the equivalence ratio [128, 130], heat release fluctuations and flame 
front motion [131, 135, 136] or flame temperature [132, 137].  The hydroxyl radical is 
given specific attention, because of its dominance as an emission feature, and for its 
critical role in reaction pathways in the total combustion process[132, 137]. 
Figure 2.13 shows the fluctuations in emission intensity (in arbitrary units) for the reactive 
radiating species found in a methane-air flame, between equivalence ratios of 0.8 and 1.5.  
Table 2-4 Dominant combustion intermediates, connected formation reactions, and band head 
locations. 
 Species Main Formation Reaction in Hydrocarbon Flame 
[126, 127]  
Main Band Locations(nm) 
[131] 
OH* CH+O2 =CO+ OH* 283,306-315 
CH* C2+ OH =CO+ CH* 
C2H+ O =CO+ CH* 
390,431 
C2* CH 2+ C =H2+ C2* 
CH + C =H+ C2* 
469-473,510-516 
CO2* CO+ O+M = CO2*+ M 300-500 
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Figure 2-13 Published results are showing normalised chemiluminescent emissions for OH*, CH*, 
and C2*, for a laminar premixed methane-air flame [132]. 
The intensity of each chemiluminescent signal rises with the equivalence ratio and peaks 
for OH*, CH*, and C2* take place at different equivalence ratios. Further work has shown 
that stronger signals are expected at lower pressures and greater flow rates [133]. 
A study by Higgins et al. [133] separated these properties for a premixed methane-air 
flame. The authors were capable of collapsing the OH* signal from all experiments onto 
a single line, reliant on equivalence ratio, the mass flow rate, and pressure [133]: 
The CH*/OH* ratio has been defined as the greatest sensitive to variations in equivalence 
ratio, so this ratio has formed the basis for many suggestions including its use as an 
equivalence ratio monitor  [132, 139].  
2.11 Summary  
A literature review of some subjects related to alternative fuels, multiphase flow, swirl 
combustor characteristics and associated combustion instabilities such as blowoff, has 
accomplished in this chapter. It can be concluded that, 
 The need to find an alternative environmentally friendly fuel becomes vital when 
global warming and airport air quality problems are to be decreased. Additionally, 
there is increasing political and public pressure directing air transportation to 
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reduce greenhouse gas emissions, which are changing quickly because of the 
quick development of the aviation area. 
 Combustion equipment has been developed to get together minimum pollutant 
level requests, however, keeping high operation efficiency of gas turbines. 
Premixed combustion using alternative fuels has verified as the best hopeful 
technology in this context.  
 Swirl is important and can influence the formation of critical combustion 
processes such as inner recirculation zone. The equivalence ratio and velocity at 
which fuel is supplied can also have effects on the system. If the flame becomes 
unstable, combustion instabilities can happen. These are undesired phenomena, 
and hardware damage can result. 
 Multiphase flow has widely existed in many industrial applications and academic 
studies, and mostly the gas-liquid two-phase flow can be considered as one of the 
greatest extensively applied flow conditions. Examples of both alternative liquid 
and gaseous-fuelled systems exist.  
Varying fuel properties mean that suitable changes need to be made so the fuel can be 
used in their pure form, however providing sensible blend ratios are used, some units can 
run on alternative fuels without modification, it is clear that a two-phase system is a 
hopeful method for the use of alternative fuels.  
However, it has been noted that there are several design limits of importance that need to 
be considered during the design procedure. It is vital to obey to these restricts the 
reduction of the mean droplet diameter as the proposed atomiser needs to provide a fine 
spray appropriate for combustion.    
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3 Chapter 3 
Experimental setup 
 
The science of today is the technology of tomorrow. 
                                                          Edward Teller (American Physicist)  
 
3.1 Introduction  
Different techniques and various gas analysers were used to measure different rigs 
configurations to determine the combustion emission regimes while using different 
fuel blends, atomization, and temperatures. Calorific values, density, and surface 
tension were also measured, and proximate analyses were performed to act as a 
comparison between the fuels. Finally, High-speed imaging has used to detail the 
atomization parameters, namely, spray angle.  
 Chemiluminescence spectroscopy was also used to show OH*, CH* reactive 
combustion species to provide basic measures of flame structure and heat release.   
Atomization characterisation was achieved in a spray chamber located at Cardiff 
University. High-speed imaging was used to specify the atomization parameters, 
namely, spray angle. The atomiser nozzle was placed in the top of the experimental 
test rig to atomise the fuel at operating pressures from 8 to 26 bar (abs). 
Experiments were achieved at the Gas Turbine Research Centre (GTRC). The rig able 
to deliver 5 kg/s of air at 900K and 16 bars (abs), the HPOC rig was fitted with a 
generic pre-mixed swirl burner in this work as shown in figure 3.2. The generic swirl 
burner included a central lance that was used for liquid injection and the main body 
that receives both the premixed (gaseous) fuel and oxidiser.  
In chapter five an axial swirling flame burner was utilised to establish continuous 
swirling flames. The swirler is positioned concentrically into with the inner tube of the 
burner. Two methods of injection were used, one through the centre via a central 
injector, and one through the outer, primary premixed zone. Gases and air for central 
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and outer parts were premixed together in separate tubes to certify sufficient mixing 
before inflowing the burner.  
In chapter six for the last burner, the liquid flows were supplied independently to the 
atomiser through the centre via a central injector. The air-gas mixture passes through 
swirl-generating vanes which create swirling effects on the combination before exiting 
the injector through the discharge orifice. A Delavan 0.4 x 60 A, nozzle atomiser was 
used as the fuel injector to atomise liquid fuel before mixing with swirling premixed.  
3.2 High-speed photography 
The technology of High-Speed Photography (HSP)  has been developed in the last 
decades [130]. The guideline situated in the context of pixels of a Charge-couple 
device (CCD) camera, which is an analogue shift register that permits analogue signals 
to be transported through continuous stages controlled by a clock signal, digitalising 
them in the camera [125].  
These can be used as a type of memory or for postponing sampling signals. These are 
put in arrays as photoelectric light sensors.  
Digitalization frequently happens at 8 bits, which is associated with the number of 
colours (or grey levels) noticeable by the device [135]. CCD cameras started in 1980 
permitting higher resolution. The addition of image intensifiers allowed to capture 
thousands of frames per second [120]. Modern cameras can work at more than 250000 
frames/s resulting in a massive stream of data.  
A Photron Fastcam APX-RS high-speed camera operating at 1000 frames/s was used 
in work with Generic swirl burner to capture various phenomena, i.e. atomization and 
combustion processes with a 105 mm, 1:2.8 Nikon lens.  
The camera was also used with a 20 kW burner to capture chemiluminescence results 
of CH* radicals; It was used with a Hamamatsu Intensifier attached with a UV lens 
and a 420±10nm, 85 transmissivities optical filter. Repetition rates were established 
at 60 Hz to provide an overview of CH fluctuations for each case. The resultant images 
were analysed using a Photron FASTCAM PFV software and MATLAB program.  
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3.3 Chemiluminescence and emission spectroscopy 
3.3.1 Chemiluminescence for high-pressure optical chamber      
OH* chemiluminescence measurements were taken using high-pressure optical 
chamber (HPOC) burner as shown in figures 3.1 and 3.2.  A Dantec Dynamics Hi 
Sense Mk II CCD camera with a 1.3-megapixel resolution was joined to a Hamamatsu 
C9546-03L image intensifier; image intensifier units involve of a compact head, it 
integrates an image intensifier with a high-speed entrance operation circuit and a 
remote controller.  
High sensitivity, high-speed shutter camera can be configured by simply connecting 
an image intensifier head to the front of a CCD camera.   A speciality 78 mm focal 
length lens (f/2.8) able to capture light in the UV wavelength range was installed on 
the image intensifier alongside with a narrow bandpass filter centred at 307 nm  
(FWHM =10 nm).  
The perfect filter must minimise the influence of the blackbody radiation and be broad 
enough to capture the OH* radiation with minimal effect of the narrow absorption 
feature [136]. In this work to settle the flame chemiluminescence, a concentrated high-
speed camera equipped with an interference filter. This camera watches the flame via 
the side window. Due to the large quantity of collected data, it is not usually applied, 
but used only for studies of details of particular interest. 
 
 Figure 3-1 Schematics of the HPOC.  
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Figure 3-2 Sectioned detail view of the HPOC showing (a) instrumentation and pilot. (b) inlet 
plenum.(c) HPOC outer casing. (d) premixing chamber.(e) radial-tangential swirler insert.(f) 
exit nozzle.(g) Quartz window for OH* visualisation and (h) quartz confinement. Flow goes 
from left to right. 
Two hundred images were taken at 10 Hz for each test condition using Dantec’s 
Dynamic Studio software, though the image intensifier gain was carefully chosen via 
remote control.  All images were taken over the top window of the HPOC at a 90° 
angle to the direction of flow as presented in figure 3.1.  
Abel inversion of the resulting time-averaged images was used to deliver better 
recognition of the OH* distribution through the flame [24, 25]. Abel inversion was 
achieved on the temporal average of 200 images taken at 10 Hz (20 seconds of 
runtime) and then used the resulting image intensity values in the normalisation 
process. 
3.3.2 Chemiluminescence for 20 kW burner 
CH Chemiluminescence fluctuation was performed using A Photron Fastcam APX-
RS high-speed camera, a Hamamatsu Intensifier coupled with a UV lens and a 
420±10nm, 85 transmissivities optical filter. Repetition rates were fixed at 60 Hz to 
supply an outline of CH fluctuations for each case. The resultant images were analysed 
using a Photron FASTCAM PFV ver 2.4.1.1 software and MATLAB R2015a. 
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3.3.3 Emissions of high-pressure optical chamber (HPOC) 
Two pieces of equipment were used to characterise combustion emissions; the first is 
an integrated system developed by signal instruments comprising several analysers: A 
Flame Ionisation Detector (FID) is employed within a Signal 3000HM to detect total 
Hydrocarbons (THCs), calibrated with propane in the range 0-890 ppmV. 
 A heated vacuum chemiluminescence analyser (Signal 4000VM) is simultaneously 
employed to quantify NOx concentrations, calibrated to 37.1 ppmV NO and 1.9 ppmV 
NO2.  
The system also contains a multi-gas analyser (Signal MGA), containing an infrared 
cell for measurement of CO (calibrated for 0-900 ppm) and CO2 (0-9%), in addition 
to a paramagnetic O2 sensor (up to 22.5%).  
The second system is a standalone Rosemount NGA 2000 multi-gas analyser and 
provides secondary readings of CO, CO2 and O2 all calibrated to the same 
concentrations previously stated. 
3.3.4  Emissions of 20 kW burner      
To investigate the content of exhaust gases with 20 kW burner, a Testo 350 XL 
combustion analyser was used. The Testo exhaust gas analyser is a portable unit 
designed for taking measurements in furnaces and combustors, and as such may not 
be entirely suitable for analysing the broad range and quickly changing emissions of 
the combustion engine.  
The Testo 350 XL gas analyser, its control unit and sampling probe is pictured in 
figure 3.3. Measurements of post-combustion emissions were performed using a 
TESTO 350-XL gas analyser, at about 500 mm downstream of the outlet of the burner. 
The sampling probe was positioned 10 mm inside the exit to the plenum. The measured 
emissions include NOx, CO, O2 and CO2, with the measurement range of 0-1000 ppm, 
0-10,000 ppm, 0-25% and 0-99.9% respectively.  The emissions readings from the gas 
analyser are reported in wet basis with the uncertainty of ± 5% ppm for NO, ± 5% 
ppm for CO, ± 0.8% for O2 and ± 0.3% for CO2 [138].  
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Figure 3-3 Testo 350 XL unit and probe [137] 
A sampling of the post-combustion gases was performed in the steady state, for 1 
minute until the reading became stabilised. The model TESTO 350-XL is a self-
contained emission analyser system capable of measuring different types of emissions 
in combustion emission sources; figure 3.4 shows a schematic of the model 350 as 
tested [138]. 
The model 350 XL uses electrochemical sensors and can be calibrated, exchanged, 
and upgraded in the field without hand tools [138]. Electrochemical sensors are 
measured flue gas residents (O2, CO, NO, NO2, SO2, H2S) through the principle of 
ion-selective potentiometry.  
This equipment enables the sensor to be pre-calibrated at Testo and connected in the 
field as a simple plug-in device, no essential to have calibration gases on site[139]. 
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Figure 3-4 TESTO 350-XL sampling schematic[138] 
3.4   Temperature measurements 
An SL7000 series data logger was used to obtain temperature measurements with the 
20 KW burner. The wire diameter was 1.5 mm, so it was small enough to not cause 
any significant interference to the flame structure while maintaining structural rigidity 
of the thermocouple. Gas temperature in the flame was measured using an isolated tip 
K-type thermocouple. The signals were recorded onto a PC using a data acquisition 
board.  
The SL7000 series data loggers are joined to the computer via a USB cable. Data are 
downloaded to a PC using the Temp IT software via its USB interface. The SL7000 is 
a logger of data which has a very flexible combination of inputs from a temperature 
input linked with an internal temperature and RH in addition to an optional external 
temperature and RH sensor.  
An onboard LCD, the display shows selected channel information and integral LED 
displays to provide quick scanning. The thermocouples had positioned on the burner 
wall as illustrated in figure 3.5.  
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Figure 3-5 Thermocouples position in 20 KW burner, T1 at the burner, T2 at 10 cm from the 
burner and T3 at the exit 
3.5 Gaseq 
Gaseq is a chemical equilibrium program for Windows [140]. It can be used to 
compute a different parameter for equilibrium processes. It uses chemical 
thermodynamics to calculate final product species for equilibrium reactions, i.e. 
viscosity, temperature and density, etc. The initial reactant temperature, mole 
fractions, pressure and other different properties can be stated. 
Gaseq has been used in this work with a variety of fuels to calculate different 
parameters of the mixtures used for a range of equivalence ratios. This program has 
some features like [140]: - 
 Excel interface 
This advantage helps of the increasing capabilities of the program to plot a graph of 
the results of auto-incremented calculations. An X-Y plot is created with the X being 
the first property stated (generally the incremented one), and the others are seeming 
as several Ys. 
Two Y scales are used: mole fractions on a log scale are plotted and the other 
properties, e.g. temperature, on a linear scale. It is very hard to deliver a graphing 
T3 
T2 
T1 
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facility which meets all requirements, and it is unavoidable that it will usually be 
necessary to edit of the graph within Excel to improve its appearance and 
effectiveness.  
 New species 
It can be used any species in a thermodynamic calculation of the elemental 
composition, the enthalpy and entropy at 298K and the specific heat (CP) at different 
temperatures are known. 
 Reactants with different temperatures 
With gasseq each reactant species can have a changed temperature.  
 Specify the number of moles of product 
This feature is to handle "super-equilibrium" concentration of radicals which happen 
just after the reaction zone in low and moderate pressure flames. Where the reactions 
interchange radical species (H, OH, O, etc.) are fast and equilibrated, but the 
recombination reactions which eliminate radicals are slow.  
 Using mass units 
Concentrations of species entered and displayed in mass units. 
3.6 Summary  
The measurement instrumentation has been mentioned can be considered as vital 
regarding characterisation and verification of different combustion problems and in 
particular, for the understanding of flame alternative fuels properties and emission 
measurement. 
Chemiluminescence diagnostics has the ability for investigating to the levels of 
emissions produced during all the trials.  
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4 Chapter 4 
Combustion and atomisation characteristics of a saturated 
biodiesel in gas turbines 
 
The gift of mental power comes from God, and if we concentrate our 
minds on that truth, we become in turn with this great power.  
                                                                                            Nikola Tesla 
4.1 Introduction     
Biodiesel products are considered highly oxygenated fuels and have been used as 
substitute sources of fuel for diesel engines to improve combustion performance. 
Biodiesel can be regarded as a more environmentally friendly fuel if it is compared to 
fossil-based fuels. Thus, this fuel could be used in gas turbines without significant 
adjustments [56]. 
Biodiesel has proved a reduction of un-burnt hydrocarbons (UHC), carbon monoxide 
(CO) and particulate matter (PM) without decreasing the power output in a meaningful 
way [54]. Testing of biodiesel has often shown promising results where emissions are 
comparable to control studies using fossil-based diesel [141]. 
There are remarkable differences in physical properties of biodiesel and diesel; 
therefore, there is a need to examine the spray characteristics of biodiesel about its 
application in internal combustion engines and gas turbines, more so given that 
atomization behaviour has an important consequence on emissions. 
The biodiesel used in this chapter is a by-product from a biomass gasification 
processes, in particular, a liquid condensate from product gas cleaning processes. That 
is an essential stage in thermal conversion of biomass, particularly when the main 
product gas components, CO and H2, are used for Fischer–Tropsch synthesis or as 
high purity fuel [65]. 
The purpose of this chapter is a comparison study between two liquid fuels, a pure 
biodiesel and the biodiesel as a saturated blend with a pyrolysis by-product; these two 
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fuels were compared to standard kerosene as a baseline. The study methodology 
includes two stages: first of all, atomization patterns and injection systems were 
achieved using a high-speed imaging method. Secondly, a combustion trial campaign 
was undertaken using a swirl burner to quantify the operational performance and 
exhaust gas composition of the fuels.  
Emissions, flame stability tendencies and power outputs were measured at gas turbine 
related to equivalence ratios, indicating the potential to use these biodiesels as 
alternatives or backup of conventional gas turbines. Chemiluminescence was used to 
provide proof of localised OH* production and flame profiles. The primary results are 
that the saturated biodiesel showed increased production of CO2 compared to the other 
fuels.  
Heavy organics seem to be acting as catalytic substances for OH production close to 
the burner mouth. Regarding stability and combustion, it is suggested that the saturated 
blend would be an appropriate candidate for power generation.   
This chapter has been published in the journal ‘Renewable Energy’ (see publication 1 
in the list in Chapter 1).  
4.2 Experimental Setup 
4.2.1 Characterisation of saturated biodiesel 
The surface tension and density were experimentally achieved at ENEA, Italy by using 
a temperature controlled LAUDA TVT 1 Drop Volume Tensiometer. Drop volume 
tensiometer method is highly accurate measurement, low sample volume requirements 
and modern electronics. It used to measure the surface, interfacial tension and density 
of liquids. The drop volume detaching from the needle is measured very accurately.  
This measurement principle is an easy test with the highly stable Phase-Locked Loop 
(PLL) speed controller of the direct-current motor; droplets can be shaped with a 
lifespan from one second up to many hours without vibrations [142]. 
The viscosity was experimentally determined using a U–Tube Viscometer. A Parr 
6100 calorimeter bomb and an IKA C4000 calorimeter using benzoic acid as reference 
determined the Higher Heating Value (HHV). The 6100 calorimeter is a compact 
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calorimeter that works at room temperature taking full benefit of modern 
microprocessor abilities. The advantages of this system include less water, less energy, 
and less hardware although still giving good accuracy [143].  
On another hand, IKA C4000 calorimeter used compact semi-automated calorimeter  
to limit calorific values of liquid and solid samples. It is appropriate for educational 
purposes and commercial, industrial laboratories [144].  
The final analysis was gained by using an elemental analyser, a Perkin Elmer CHN/O 
according to UNI EN 15104. This Analyser allows fast determination of the carbon, 
hydrogen, nitrogen, sulphur or oxygen content in organic and other sorts of materials. 
It has the ability of treatment a wide variety of sample types, including solids, liquids, 
volatile and viscous samples[121].  
Ash was analysed to determine the elemental content according to the methods CEN 
343 or CEN 345 by using an ICP-OES Agilent 720ES. This Optical Emission 
Spectrometer involves the use of compressed gases, high voltage radio frequency 
energy and dangerous materials including corrosive fluids and combustible liquids 
[145].  Oxygen was calculated by the difference of species. Gas Chromatography (GC) 
is a public type of chromatography used in analytical chemistry for separating and 
analysing mixtures that can be vaporised without decay. 
Typical applications of GC contain testing the limpidness of a particular substance or 
separating the different components of a blend. In some conditions, GC helps in 
classifying a compound. GC can be used to prepare pure mixtures from a combination 
[124, 125]. 
This method was employ by using an Agilent HP 6890 GC.  It is gas chromatograph 
that delivers greater performance for all applications. It uses of progressive electronic 
pneumatic control modules and high-performance temperature control [129].  
The experimental campaign included three test fuels: unsaturated and saturated 
biodiesels, and kerosene. Fuels properties are given in table 4.1, with the GC analysis 
of the methyl esters in table 4.2. The unsaturated biodiesel is originated from cooking 
oil, providing a composition similar to that carried out in methyl-ester. The fraction of 
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biodiesel that is included in the saturated sample has almost the same elemental 
composition (C 76.28%, H 12.55%, O 11.04 %) as that of the unsaturated biodiesel. 
However, since the biodiesel has been used to clean up the gas stream from a 
gasification procedure, the saturated biodiesel represents less than half of the total 
mass of the final sample.  
Table 4-1 Fuel properties obtained at ENEA 
Property Kerosene  Unsaturated Biodiesel Saturated Biodiesel 
Viscosity [m2/s] 20°C 3 x 10-6 7.40 x 10-6 7.60 x 10-6 
Viscosity [m2/s] 40°C 2.00 x 10-6  4.49 x 10-6 4.68 x 10-6 
Density [kg/m3] 820 859 879 
Surface Tension [mN/m] 28 29.1 32.1 
HHV [MJ/kg] 46 38.9 29.4 
Water content [wt%] 2.6 0.7 19.0 
Methylesters [wt%] --- 95.0 44.2 
 
Table 4-2 Analysis of methyl esters by GC, relative abundance as wt%, obtained at ENEA 
Molecule Unsaturated Biodiesel Saturated Biodiesel 
C14:0 1.07 0.92 
C16:0 32.10 24.60 
C16:1 0.00 0.00 
C18:0 3.36 3.25 
C18:1 47.50 47.60 
C18:2 12.80 19.60 
C18:3 3.07 3.90 
TOT 100 100 
Besides water, the remaining 36.8% is a complex mixture of organic molecules 
containing formic acid (molecular mass 46 g/mol) and aromatic compounds 
(molecular mass 200 g/mol). This scrubbing process has been carried out to increase 
the quality of gases in a biomass gasification system at ENEA, Italy [146]. 
4.2.2 Atomisation experiments         
The fuel injector used for atomization was A Delavan 0.23mm-60°A WDB nozzle 
atomiser. Atomization characterisation was achieved in a spray chamber located at 
Cardiff University, figure 4.1. This rig works with independent control of the ambient 
(chamber air) pressure (up to 15 bars) and temperature (up to 150 °C), such that 
chamber air conditions can range from simulated intake stroke to late compression 
stroke injection for the characterisation of automotive applications. Constant control 
of the pressure was carried out error reading of the pressure gauges was a ±0.5 bar. 
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Figure 4-1 Spray rig and imaging setup diagram. 
High-Speed Imaging was used to specify the atomization parameters, namely, spray 
angle. The spray angle was defined as the angle made by the cone of liquid leaving 
the nozzle orifice where two straight lines were surrounded by the maximum outer 
side of the spray [147]. A Photron Fastcam APX-RS high-speed camera working at 
1000 frames/s was also used with a 105 mm, 1:2.8 Nikon lens.  
A 50W straight projector bulb was used as a light source, accessing the chamber 
through one of its three quartz windows and located at a 90° angle to the high-speed 
camera. The atomiser nozzle was placed in the top of the experimental test rig to 
atomise the fuel at operating pressures from 8 to 26 bar (abs) as shown in figure 4.1. 
Using compressed nitrogen, passing into a liquid accumulator, collecting the bulk 
volume of the spray at the bottom of the rig. Photron FASTCAM PFV ver 2.4.1.1 
software and MATLAB R2013a, used to analyse the resulting images. 
4.2.3  Gas turbine burner experiments 
Experiments were achieved at the Gas Turbine Research Centre (GTRC), which is a 
Cardiff University facility located at Port Talbot [148]. 
The rig used was the High-Pressure Optical Chamber (HPOC), able to deliver 5 kg/s 
of air at 900K and 16 bars (abs), thus allowing combustors to be studied at conditions 
applicable to gas turbine power generation.  
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Coriolis mass flow meters were used to accomplish accurate measurement of flowrates 
with an accuracy of ±0.5% RD plus ±0.1% FS. The HPOC rig was fitted with a generic 
pre-mixed swirl burner in this work as shown in figure 4.2. 
The generic swirl burner included a central lance that was used for liquid injection and 
the main body that receives both the premixed (gaseous) fuel and oxidiser. The burner 
body contains a premixing chamber where most of the gas premixing occurs upstream 
of a swirl chamber.  A quartz tube fitted with the system to simulate the proper 
expansion ratio from the burner into the engine’s combustion chamber confines the 
burner; in this case, an expansion ratio of 4 was used.   
 
Figure 4-2 Generic swirl burner with lance attached. A - swirler head; B – liquid fuel lance with 
atomiser; C – quartz confinement tube; D – liquid fuel inlet; E – pressure casing wall; F – 
primary combustion air inlet. 
At both atmospheric and pressurised conditions, combustion tests were performed. 
Pressures of up to 2.9 bar (abs) were examined for all fuels allowing for thermal power 
conditions ranging from 30 to 60kW. Images of the flame from radial and axial 
positions were captured by using high-definition (HD) video camera.  
Flame shape, appearance and stability knowing how these parameters influence the 
combustion behaviour were documented; also, the exhaust gas composition of each 
fuel was examined. 
OH* chemiluminescence measurements were taken using all fuels at several 
equivalence ratios.  The Dantec Dynamics Hi Sense Mk II CCD camera with a 1.3-
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megapixel resolution was combined to a Hamamatsu C9546-03L image intensifier.  A 
speciality focal length lens, as described in chapter 3, was used. Image capturing 
methodology is explained in chapter 3. 
An open-source MATLAB algorithm based on the Abel inversion method has been 
modified to provide a spatial representation of the OH* and CH* chemiluminescence 
measurements. This Abel inversion is based on a Fourier-series-like expansion which 
projects the radial pixel intensity distribution function onto a theoretical 2-D plane 
through cosine expansions.  
The application of an Abel inversion assumes that the radial distribution being 
processed is symmetric about a central axis. Given the highly variable structure of the 
instantaneous turbulent swirl, flames investigated. Abel inversion was achieved on the 
temporal average of 200 images taken at 10 Hz (20 seconds of runtime) and then used 
the resulting image intensity values in the normalisation procedure. 
Combustion equilibrium analyses were performed utilising GASEQ[140], under 
stoichiometric conditions to provide a better understanding of the development of 
some of the species that participate in the combustion process. The methyl formate 
reaction mechanism developed by Fisher et al.[149] has been used as a replacement 
for biodiesel.  
Methyl-formate was selected as a surrogate molecule to achieve a reaction close to the 
one expected from biodiesel. Although methyl-formate mechanisms have presented 
changes to biodiesel [149], the results provide the basis for the discussion on exhaust 
gas composition. 
4.3 Results and discussion  
4.3.1 Spray characterisation            
Table 4.1 shows characterisation studies; for the sprays, it is evident that the calorific 
value for the saturated biodiesel is lower than that of kerosene, and the unsaturated 
biodiesel, as expected although this was predictable.  
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Figure 4-3 High-speed imaging at different pressures for fossil and biofuel blends. Average 
results out of 1000 images. 
It is still a result which shows that the energy content of the saturated sample is high 
enough to be considered as an appropriate option for liquid fuel energy uses. This 
calorific value is dependent on the gasification process, scrubbing and aging, elements 
that need to be considered while using it as a support fuel [56]. 
Spray angle results showed that the unsaturated biodiesel has a narrower spray angle 
than kerosene as illustrated in figure 4.3. So biodiesel requires more pressure to 
accomplish an efficient droplet breakup previous to evaporation; this data is 
demonstrated clearly in figure 4.4 as a plot of spray angle vs. injection pressure for the 
three fuels is presented [53].  
Similar results were achieved for the saturated biodiesel, figure 4.4, which showed a 
smaller spray angle linked to the existence of solid matter (from the particulate matter 
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contaminants present in the saturated fuel) and resultant larger viscosity. Narrower 
spray angles are a known issue for higher viscosity biofuels, which can result in 
combustion difficulties such as high smoke emission [18, 27]. 
Furthermore, the spray angle is known to be a function of the ratio between the 
ambient density and the sprayed fluid density, hence the results in figure 4.4 are logical 
given the properties discussed here. Proposed solutions to this problem include biofuel 
preheating to deliver lower viscosity and hence improve atomization, besides higher 
injection pressures to be used for scattering the saturated biodiesel. 
 
Figure 4-4 Effect of fuel injection pressure on spray angle 
4.3.2 Combustion behaviour in the HPOC 
4.3.2.1 Flame appearance 
The flame was stable and sufficiently radiative for kerosene to show the production of 
soot that would be predictable with the lack of oxygen for complete burnout under rich 
conditions. Under comparable air to fuel ratios, the unsaturated biodiesel showed a 
lower amount of exhaust soot, perhaps because of the larger quantity of oxygen bound 
into the fuel.  
Likewise, the saturated biodiesel burnt with a stable flame, but it was evident that the 
amount of soot coming from the saturated biodiesel was the highest of all the tested 
fuels, as shown in figure 4.5. The quartz confinement tube was stained with black soot 
residue after only a few seconds of operation under rich (ϕ ~ 1.2) conditions due to 
soot formation. Also, there was undeniable proof that the atomization of the fuel was 
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partial, with the appearance of several glowing (probably fuel-rich) projections in the 
flame.  
That was related to spray visualisation experiments, which showed that the saturated 
biodiesel formed into small droplets at a noticeably slower rate than the other fuels. 
Larger spray droplets need more time to evaporate, and hence thermal decomposition 
of the hydrocarbons will be obstructed, resulting in incomplete burn out, hence the 
observed soot. 
 
                     A.                                     B.                                       C. 
Figure 4-5 Visible flame at equivalence ratios 0.6. A) Saturated biodiesel, high soot glowing. B) 
Unsaturated biodiesel and C) Kerosene. 
It can be said that the saturated biodiesel blend under lean conditions (i.e. ϕ < 1) 
worked positively regarding flame stability and burning processes compared to the 
other tested fuels.  
Combustion instability refers to damaging oscillations driven by fluctuations in the 
combustion heat release rate. These undesirable oscillations can cause wear and 
damage to combustor components and, in some extreme cases, can cause breakage of 
components and resulting damage to downstream turbine components.  
Gas analyses will show, if the flame can be stabilised at low equivalence ratios, the 
CO formation to be less with more CO2 produced, thus reflecting a higher combustion 
efficiency.  
Completely unburned hydrocarbons will be lower, although NOx will increase 
because of the additional nitrogen and comparably higher temperatures generated 
during combustion. Nevertheless, if equivalence ratios of ~0.55 are accomplished, 
then measured outlet concentrations of NOx will be in the same magnitude order to 
those observed in kerosene flames. 
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4.3.3 Exhaust gas analysis magnitude      
4.3.3.1 THC emissions 
THC emissions as a function of equivalence ratio for the kerosene and tested biofuels 
under atmospheric conditions are shown in figure 4.6. A log scale has been used since 
the THC emission above stoichiometry was orders of magnitude higher than the values 
measured below. Apparently, it can be seen that the saturated biodiesel produced 
higher concentrations of unburnt hydrocarbon products, especially at higher 
equivalence ratios, which corresponds to the physical observations in the previous 
section. There was some proof to suggest that increasing the HPOC pressure had 
reduced net THC emissions, but more data would be necessary to confirm this.  
Kerosene did not show significant concentrations of THC in the exhaust, 
demonstrating complete burnout of the fuel under the conditions studied. That 
correlates well with the spray results given that the kerosene spray was remarkably 
more atomised.  
 
Figure 4-6 THC exhaust gas concentration (dry) as a function of equivalence ratio for kerosene 
and the two biofuels at atmospheric pressure. 
4.3.3.2 O2 emissions 
O2 concentration as a function of equivalence ratio under atmospheric conditions is 
presented in figure 4.7. This parameter is based on the measured fuel and air flow rates 
through the burner and the gas analysis. The measurement of oxygen and CO allowed 
for the identification of the near stoichiometry operating point. Among all fuels can 
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be seen different tendencies, with the unsaturated blend showing the maximum O2 
concentrations due to additional oxygen in the bio-blend.  
However, the saturated biodiesel presented the lowest trend, which has been attributed 
to the existence of solid carbon-based particles present in the liquid fuel; therefore, 
more oxygen was necessary per unit mass of fuel burn because of a much greater 
average carbon composition.  
 
Figure 4-7 O2 exhaust gas concentration (dry) as a function of equivalence ratio for kerosene 
and the two biofuels at atmospheric pressure. 
4.3.3.3 CO2   emissions 
CO2 emissions as a function of equivalence ratio for the kerosene and biofuels tested 
under atmospheric conditions are shown in figure 4.8. Compared to the kerosene, 
biofuels behaviour has a difference showed the peak CO2 values at higher 
concentrations of the bio-blends.  
Apparently, the biofuels made slightly more CO2 than the kerosene under similar air 
flow rates, which is probably caused by the higher carbon to hydrogen ratio in the 
heavier fuels [50].  
There is more CO2 in the saturated fuel as expected because of the additional reactions 
of the solid particles; at higher pressures, this was also the case with this work [55]. 
These changes are relatively very small, therefore under these conditions, the results 
can be considered to be within the experimental uncertainty of the measurement.  
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Figure 4-8  CO2 exhaust gas concentration (dry) as a function of equivalence ratio for kerosene 
and the two biofuels at atmospheric pressure. 
4.3.3.4 CO emissions 
CO emissions as a function of equivalence ratio for the kerosene and tested biofuels 
under atmospheric conditions are shown in figure 4.9.  
Incomplete combustion leads to CO emissions. At atmospheric and elevated pressure, 
results demonstrated that CO emissions are reduced with the biodiesel, probably as a 
consequence of the fuel-bound oxygen in the molecule which starts reacting further 
downstream than the oxygen contained in the airflow [50]. 
Relatively, the saturated biodiesel also showed lower CO concentrations, in some 
points even lesser than the unsaturated biodiesel [48, 49]. Although low emissions 
were predictable under lean equivalence ratios, there were three particular points, 
figure 4.9, which showed the highest production of the CO molecule while using 
kerosene and pure biodiesel.  
Experimental trials showed highly changing patterns for these conditions indicating a 
lean blue flame zone close to the nozzle followed by a red-orange crown at the end of 
the flame, figure 4.5. Likely caused by the particular fluid conditions at these 
equivalence ratios which cooled down the flame to a point wherein some of the 
droplets were not completely consumed during the combustion process, thus reaching 
the end of the flame and making CO peaks.  
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Contrary to these cases, the biodiesel appears to be burning with low CO production 
under these conditions; it is believed that a process related to the saturated particles 
boost heat transfer at the bottom of the flame. It is known that these conditions will 
not be similar under higher pressures as the flame would retreat and faster reactions 
would take place at the bottom of the flame [18, 27].    
 
Figure 4-9 CO exhaust gas concentration (dry) as a function of equivalence ratio for kerosene 
and the two biofuels at atmospheric pressure. 
4.3.3.5 NOx emissions 
NOx emissions as a function of equivalence ratio for the kerosene and tested biofuels 
under atmospheric conditions are shown in figure 4.10.  
NOx emissions boosted with increasing equivalence ratio towards stoichiometric 
conditions as the results indicate. Higher NOx emissions were produced by the 
saturated and unsaturated biodiesels than kerosene at all pressures [55]. 
Probably that higher NOx emissions from the biodiesels were correlated to a greater 
CH formation leading to induce NOx via CH+N→HCN reactions, as observed by 
others [141]. Furthermore, the greater temperature of reaction produced by the 
additional oxygen and enhanced combustion in the saturated biodiesel could also lead 
to higher Zeldovich emissions (thermal NOx).  
Opposite to the experimental results, atomization performance was thought to be a 
parameter that would control the resultant NOx concentrations. For the bio-blends, as 
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reduced spray angle and bigger droplet size [57] would result in the fuel remaining 
unburned for longer periods of time and greater axial distances, decreasing NOx by a 
reduction in the combustion efficiency, burning more downstream to accomplish the 
reaction.   
 
Figure 4-10 NOx exhaust gas concentration (dry) as a function of equivalence ratio for kerosene 
and the two biofuels at atmospheric pressure. 
Both kerosene and the unsaturated biodiesel produce lower NOx emissions when 
compared with the saturated biodiesel, a phenomenon that could be associated with 
the content of nitrogen in the organic material carried by the saturated blend [54]. 
Moreover, solid particles showed traces of a more efficient combustion regime, i.e. 
lower CO and higher CO2. Thus higher temperatures and augmented Zeldovich NOx. 
It was also detected that NOx emissions are reduced significantly at higher pressures 
if the effect of pressure on NOx concentration is taken into consideration, with a peak 
of 120 ppm under atmospheric conditions decreasing to 25ppm at 2.9 bars for the 
saturated biofuel blend. Meanwhile, the power requirements for all cases are similar 
at 40 KW. It is believed that the high pressure forces the flame to retract towards the 
burner, compacting it and improving combustion and reactivity. 
4.3.4 Chemical equilibrium calculations        
By using GASEQ, the measured gas compositions were related to chemical 
equilibrium calculations as shown in table 4.3. 
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Pressures utilised for the analysis were 1, 10 and 100 bar with the purpose of clearly 
showing the progression of species with increasing pressure. Methyl-formate 
(C2H4O2) was used as an alternative molecule linked to larger methyl esters [50, 52]. 
OH, radical has decreased at higher pressures as shown in the results. 
The largest changes were detected in the evolution of hydrogen and oxygen towards 
the formation of complete combustion molecules, for instance, CO2 and H2O. 
Surprisingly, NO shows an acute decrease at higher pressures. 
Although, temperatures are higher with the lack of oxygen in the blend that limits the 
production of NO. Furthermore, it is believed that OH radical formation is prevented 
by pressure, as discussed later. 
Table 4-3 GASEQ equilibrium analyses. Molar fraction and adiabatic temperature of the flame.  
Molecules Pressure 1 bar Pressure 10 bar Pressure 100 bar 
N2 0.64381 0.64698 0.64927 
H2O 0.16593 0.16904 0.17109 
CO2 0.15452 0.16165 0.16674 
CO 0.01704 0.01071 0.00617 
O2 0.00779 0.00456 0.00239 
OH 0.00416 0.00256 0.00142 
H 0.000481 0.000159 0.0000459 
O 0.000372 0.000127 0.0000365 
H2 0.00332 0.00196 0.00109 
NO 0.00258 0.00223 0.00176 
Adiabatic Flame T 2272K 2331.6K 2372.4K 
 
4.3.5 OH* Chemiluminescence analyses 
Studies in OH* chemiluminescence were performed for all conditions. Comparisons 
between biofuels were carried out to detect the progression of OH* radicals at different 
pressures, as shown in figures 4.11 and 4.12. Abel inversion was applied to create 
intensity maps normalised by the greatest luminosity peak. 
The highest pixel level for all the images shown here is used to set a nominal maximum 
luminosity, and all of the results are measured on this, which permits for a more 
accurate comparison of global intensity.  
Apparently, results show a significant quantity of OH radicals at low pressure in the 
region where the swirling flame is placed. A significant difference between blends was 
observed at a high pressure, as shown in figures 4.11b and 4.12b. OH* production for 
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the unsaturated biodiesel has decreased, reducing the reaction zone length of this 
radical and thus chemiluminescence intensity, a phenomenon produced by the 
retraction of the flame and greater density as an outcome of increased downstream 
pressure. 
 
Figure 4-11 Abel inversion for OH* chemiluminescence for the Unsaturated biodiesel E.R. 0.550 
at a) 1.9 bar, and b) 2.9 bar. The burner outlet is denoted as the grey rectangle at the bottom of 
the figure. 
 
Figure 4-12 Abel inversion for OH* chemiluminescence Saturated blend E.R. 0.581 at a) 1.9 
bar, and b) 2.9 bar.   
However, the saturated mixture kept showing OH* intensity profiles similar to those 
observed at lower pressure, as shown in figure 4.12. From these results, some 
conclusions can be withdrawn; it looks as if oxygen from the biodiesel was reacting 
quicker than oxygen from the air when solid matter is existing in the fuel.  
The changes in OH* intensity in the unsaturated biofuel at various pressures brought 
this assertion. Greater pressures mean higher densities, thus further air adjoining the 
flame leading to more OH* dilution, of a process driven by the surrounding 
atmosphere. However, since the OH* intensity in the saturated flame is similar at 
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various pressures, it is clear that the OH* production has been kept almost constant 
from a source independent of downstream conditions, i.e. pressure, with minor 
dilution effects at the OH* release location.    
 
Figure 4-13 Abel inversion for OH* chemiluminescence at the same pressure (1.9 bars) and 
stoichiometry (~0.58). A) Unsaturated blend; B) Saturated blend.   
 
Figure 4-14 Abel inversion for OH* chemiluminescence at the same pressure (2.9 bars) and 
stoichiometry (~0.59). A) Unsaturated blend; B) Saturated blend.   
An additional comparison was carried out between the different fuels at a similar 
pressure, figures 4.13 and 4.14. The unsaturated blend shows a significant increase in 
the OH* projections to those observed in the saturated biodiesel.  
These changes emphasise the development of other species overtaking OH* 
production in the saturated blend more downstream of the burner nozzle. It can be 
concluded from other works [141] that CH production has been promoted for the 
saturated mixture which shows the highest NOx formation. 
So, it can be deduced that solid matter in the fuel also acts as a catalytic substance for 
the production of other radicals. Although the particles keep forming CH radicals 
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downstream of the flame zone that augment NOx formation, at low equivalence ratios 
the use of these catalytic particles also increases fuel-bound oxygen reactions that 
remain almost unaltered at higher pressure.  These properties could contribute to the 
improvement of combustion, wherein lead to a good fuel candidate at lean conditions.  
Unluckily, visual notes showed that saturates would produce higher soot emission at 
the present concentrations, reducing the applicability of this particular fuel for gas 
turbines. Nevertheless, if the proper amount of particles in the biofuel is accomplished 
to reduce effects on materials and components noticeably, these particles could be an 
effective mechanism to improve gas turbine combustion at low cost.   
4.4 Summary  
Different fuels, kerosene and a biofuel in saturated and unsaturated form, were 
experienced to link the relative performance of the saturated biodiesel for gas turbine 
applications. It was detected that injection patterns are less likely to deliver efficient 
droplet breakup and atomization due to higher viscosity and surface tension in the 
saturated biodiesel.  
Results showed that use of the saturated blend would be a product in higher NOx 
concentrations in the exhaust with less oxygen and CO emissions. Furthermore, the 
saturated solid organic compounds seem to have a catalytic effect to increase radical 
production downstream of the flame zone, thus increasing quick NOx formation. 
These mixtures also appear to be enhancing the production of OH radicals through 
reactions with the oxygen embedded in the fuel, thus increasing temperature even 
further with a related production of nitrogen oxides.  
 It has been shown that the perfect operability region for the saturated biodiesel is at 
very lean conditions and that under these situations its measured exhaust gas 
concentrations are comparable with the unsaturated biodiesel fuel. However, visual 
observations presented that saturates at these concentrations will incline to produce 
higher soot emission, reducing the applicability of the fuel for gas turbines. 
Moreover, this research needs of further research to show in the future to improve 
combustion so the present research could be extended by adding biofuel preheating to 
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provide lower viscosity and then enhance atomization, along with higher injection 
pressures to be used for spraying the saturated biodiesel. 
One of the main contributions of this thesis is focusing on two-phase flows by studying 
liquids and gaseous combinations for different alternative fuels using a swirl burner. 
Next evaluating emissions, CH*, temperature profile and stability. In this chapter, a 
comparative study between kerosene, and biodiesel was performed to understand the 
conclusion of using liquids fuels in a gas turbine and in particular the behaviour of 
biodiesel. Also, examine the application of saturated biodiesels in gas turbines for 
power generation and check if this type of fuel is appropriate to operate in a gas 
turbine. So, in next chapter (chapter five), experimental studies of alternative gases 
fuels using a 20 kW swirl burner were achieved to understand the conclusion of using 
gases fuels in a gas turbine. 
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5 Chapter 5 
Emissions reduction by using different blends and various 
conditions under premixed combustion 
 
Any sufficiently advanced technology is indistinguishable from magic 
                                                                                                             Arthur C. Clarke 
5.1 Introduction                
Increasing concern in alternative fuels for gas turbines has motivated research in 
gaseous fuels further than natural gas. Methane-enriched with hydrogen or diluted 
with carbon dioxide are of considerable interest. The latter seems quite relevant for 
the development of technologies such as oxyfuel combustion with CO2 recirculation 
for carbon capture and storage to control temperatures in the combustion chamber. 
The primary goal of introducing CO2 into the gas turbine combustors is the reduction 
in emissions such as NOX. That is achieved by cooling the flame. Thus the Zeldovich 
mechanism can be reduced [40]. Moreover, the use of CO2 from carbon capture and 
storage facilities could reduce costs also capture equipment further downstream the 
combustion zone [41].  
Also, the CO2 injected through the premixed blend will decrease the reaction rate, thus 
lessening the temperature. The great temperature of the CO2 in the CRZ will ensure a 
fast chemical reaction of the diluted reactants, thus permitting a stable regime with 
low NOX and CO. 
Thus, this chapter showed a trial study on the combustion of methane-carbon dioxide 
blends at atmospheric conditions. Gas combinations have been examined by using 
different levels of premixing with various injection methods with and without central 
injection and with and without swirl.  
Moreover, an experimental study on the combustion of methane and methane-carbon 
dioxide with different conditions was achieved for the same burner, where the holes 
around the burner were closed by a premium black fire cement material that is a 
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smooth paste which sets rock hard when exposed to the air. Fire cement has excellent 
adhesion to most metals. 
A 20 kW burner has been used to examine the flame stability, and emissions show by 
using these mixtures to consider the effect of CO2 addition. The burner configuration 
consisted of a central body with an annular, premixed gas/air jet introduced through 
five, 60° swirl vanes.  
A TESTO 350XL gas analyser was utilised to acquire NOX and CO emission and other 
emissions concentration trends to characterise all the injection regimes while using 
different fuel blends. CH chemiluminescence diagnostics was also used and correlated 
with the levels of emissions produced during the trials. 
The temperature distribution was examined for different heights from the burner outlet 
for the effect of CO2 addition, equivalence ratio and different injection regimes. The 
resulting images were analysed using Photron FASTCAM PFV ver 2.4.1.1 software 
and MATLAB R2015a.  
5.2 Experimental setup                         
5.2.1 Swirl burner and flow delivery system 
An axial swirling flame burner was utilised to establish continuous swirling flames. 
The schematic of the swirl burner and the flow delivery system is shown in figure 5.1, 
while the placement position of swirler at the burner outlet is provided in figure 5.2. 
The swirl burner was used, in this experiment, consists of an axial swirler and a 
circular stainless steel tube placed as illustrated in figure 5.1.  
The swirler is positioned concentrically into with the inner tube of the burner. It 
involves of five straight swirl vanes with a thickness of 1.5 mm each (figure 5.3). The 
swirler vanes are manufactured to be at the angle of 60° from the axial centerline axis.  
The outside diameter of the swirler is 50 mm, while the swirler hub diameter is 10 mm 
(table 5.1). The geometrical swirl number, S is established on the following equation 
[150]: 
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SN=
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)
2 ] tan θ                                                                                                     (5.1) 
 
Where Dh and Ds represent the swirler hub diameter and the swirler diameter, 
respectively, and θ is the vane angle orientation from the centre line axis. The 
calculated swirl number for the present burner was 1.2. This strong swirl permits the 
formation of a recirculation zone that recirculates hot products and assists in flame 
stabilisation  [151]. Two methods of injection were used, one through the centre via a 
central injector, and one through the outer, primary premixed zone, figure 5.2. 
 

Figure 5-1 Generic swirl burner with Accessories. A - Swirl burner; B – Rotameters; C – High-
speed camera; D – Emergency button; E – Pilot burners; F – Air regulator. 
For flow delivery of methane and carbon dioxide, the gases were supplied and 
regulated via Platon glass Variable Area flowmeter and Platon NGX series glass. 
Variable Area with an accuracy of ± 1.25%, while air was supplied and controlled via 
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Platon glass, Variable Area flowmeter and Platon NGX series glass Variable Area 
with an accuracy of ±5% and ±1.25%, respectively.  
 
                          a                                                                 b    
Figure 5-2  An example of a schematic burner and swirler a-open holes, b-closed holes 
Gases and air for central and outer parts were premixed together in separate tubes to 
certify sufficient mixing before inflowing the burner. A pilot ignitor was used to burn 
the flame as shown in figure 5.1.  
The rectangular combustion chamber has four quartz windows, providing full visual 
access to the combustion zone. The combustion chamber width and height are 118 mm 
and 410 mm, respectively. Details of the burner geometry are shown in table 5.1. 
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Moreover, the same burner was used without using the central injection and the flow 
delivery system is shown in figure 5.2b. The burner was operated with different power, 
compared with the first trials because all holes around the burner had closed by cement 
material. 
 
 
Figure 5-3  Axial swirler. 
 
Table 5-1 The geometry of axial swirl flame burner and relevant burner dimensions [mm]. 
 Air swirler 
Material Stainless steel 
Type Axial, straight vane 
Swirl number, SN 1.2 
Swirl angle,  (o) 60 
Number of blades 5 
Blade thickness, t 
(mm) 
1.5 
Burner wall 
Material Stainless steel 
Width (mm) 118 
Height (mm) 410 
Burner geometry 
Burner outer 
diameter, Ds (mm) 
50 
Burner central 
diameter, Dh (mm) 
10 
Burner inner central 
diameter, d (mm) 
6 
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5.2.2 Operating conditions        
The rig was set up with two inputs of premixed air and gas for different blends as 
shown in figure 5.4. The central supply allowed a central diffusion flame to first ignite 
and stabilise combustion with the ability to provide larger amounts of methane and air 
to create a premixed flame and to compare different injection strategies by changing 
the central supply as shown in table 5.3. A larger external premixed supply was then 
used to demonstrate turbulent, fully premixed flames.  
Rotameters controlled both the air and blends so their respective quantities could be 
monitored and altered. The system incorporates three solenoids that only allow 
combinations to pass once the system is stabilised.  
CH4 was blended with CO2 as diluents impacts were investigated. Table 5.2 displays 
all tested mixtures. The influence of CO2 as diluent on the emissions has been studied 
by incrementally addition CO2 from 0% to 15% and 30%.  
The combinations for all cases were supplied by cylinders that contained CO2 already 
mixed with CH4 at the required percentages. Several injection strategies were tracked 
to notice in what way the increase of central and outer injection affected the flame and 
decrease/increase NOx and CO emissions.  
 
 
Figure 5-4 Premixed inputs of blends and air utilising the venturi effect to allow initial testing 
with gaseous fuel. 
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A TESTO 350XL gas analyser was used to measure NOx and CO and other emissions 
to characterise all the injection systems while using changed fuel mixtures. CH 
chemiluminescence diagnostics was studied and connected to the stability of each 
case. It was not likely to work under lean conditions using B2 and B3, table 5.2, as 
blowoff would happen. Thus, rich conditions were imposed for these combinations.  
Table 5-2 Blend mixtures composition (vol. %) 
Mixture CH4 CO2 
B1 100 0 
B2 85 15 
B3 70 30 
 
Table 5-3 Injection strategies 
strategies Outer injection Central injection 
S1 Yes premixed Yes premixed 
S2 Yes premixed NO 
S3 Yes premixed Yes diffusion 
For the case of only the outer injection was used, where the central injection was not 
used as shown in figure 5.6 and it would be work, with different power compare with 
the first case, because all holes around the burner had closed by cement material to 
avoid a liquid leak. As a part of the preparation for the burner to work with various 
liquids and gases blends as a next step (chapter 6). 
The rig was set up with two inputs of premixed air and gas for different combinations 
as can be realised in figure 5.5. The central supply was blocked to use it with liquid 
later by putting the Delevan nozzle at the end of the central pipe.   
An external premixed supply was used to demonstrate turbulent, fully premixed 
flames, ignite and stabilise combustion with the ability to provide larger amounts of 
methane or blends and air to create a premixed flame and to compare different 
condition. Table 5.4 shows all experienced combinations. The effect of CO2 as diluent 
on the emissions has been studied by incrementally adding CO2 from 0%, 5%, 10% 
and 15%.  
It was not possible to work with higher than 15% percent with new conditions of CO2 
as blowoff would occur and ignition was hard to achieve.  
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Figure 5-5 Premixed inputs of combinations and air utilising the venturi effect to allow initial 
testing with gaseous fuel. 
Table 5-4 Blend mixtures composition (vol. %) 
Mixture CH4 CO2 
D1 100 0 
D2 95 5 
D3 90 10 
D3 85 15 
5.2.3 Blowout limits   
The injection of CO2 seems to have a significant influence on the blowout limit. The 
increase in carbon dioxide displays the movement and progression of the boundaries 
of this instability, dropping the resistance of the flame as the diluent is augmented.  
The higher the CO2 flow rate, the higher the equivalence ratio at which blowout 
occurs. By gradually increasing the air flow rate of an established flame until the flame 
blows out. Comparison of the blowout limit of methane against the blends was 
performed. 
The blowout phenomena, often regarded as the upper stability limit of combustors, 
occurs when the flame detaches from its location and physically blows off [152].  
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5.2.4 Equivalence ratio calculation method 
Stoichiometric combustion reactions for methane, methane - carbon dioxide and gas 
mixtures, based on methane gas, can be written as follows: 
CH4+2∙(O2+3.76∙N2)=CO2+2∙H2O+2∙3.76N2                                                              (5.2) 
CH4+k∙CO2+2∙(O2+3.76∙N2)=(k+1)∙CO2+2∙H2O+2∙3.76∙N2                                                         (5.3) 
Wherever k is the molar fraction ratios of additional gas in methane: 
 K = XCO2/XCH4 
 Stoichiometric air-fuel ratios (AFR) of methane, methane - carbon dioxide is 
calculated as, 
AFRst
CH4=
2∙(MO2+3.76∙MN2)
MCH4
                                                                                                              (5.4) 
AFRst
CH4-CO2=
2∙(MO2+3.76∙MN2)
MCH4+k∙MCO2
                                                                            (5.5)                                                                                         
The mass flow rate of the gas blend and the air is measured, and the equivalence ratio 
is calculated from the formula: 
ER=
AFRst
ṁair
ṁfuel
⁄
                                                                                                  (5.6) 
5.3 Results and discussion    
5.3.1 Flame imaging 
The gained flame images of CH* chemiluminescence were averaged and investigated 
via a Photron FASTCAM PFV Ver.3670 software and MATLAB R2015a, to acquire 
the planar flame structures and to study the flame appearance of methane and for the 
blends without and with swirl under various equivalence ratios for different injection 
regimes.   
Figure 5.6 displays three sets of flame images with a swirl; each image represents 
average results out of 1000 images.    
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Imaging shows the radiation from the B2 flame is considerably different compared to 
methane and another blend. Methane flame demonstrates large CH* intensity peak at 
the axial profile.  
The CH* concentration reduced at the further downstream axial location at 
equivalence ratio =1.6. A similar tendency was observed for 70%/30% Methane/CO2 
swirl flames respectively.  
The high CH* intensity profiles for these blends is attributed to an inadequate mixing 
and lower OH* reactivity compared to combine B2, thus more production of soot and 
CO. 
The figure shows that methane and B3 flame displays a relatively large area with high-
intensity signals especially at equivalence ratio =1.9, B1-S3 and B3-S3 at the main 
post-reaction zone region.  
B2-S2 represents the most stable flame; the post-reaction zone presented little 
luminosity at the downstream post-reaction zone of the flame, indicative of clean 
combustion with the low level of soot formation relatively. 
The high CH of the post-reaction zone region for methane flame is reflected in the 
high-intensity count. However, the high luminosity of the post-reaction zone region 
for B3 blends is attributed to that small increase of CO2 in the mixture seems to be 
acting as a supporter of better combustion, dropping the competition of reacting 
species for oxygen.  
But, this phenomenon stops at higher CO2 concentrations which cause combustion 
only at the tip of the burner and suffering from ignition will appear.  
Increasing the equivalence ratio rises luminescing downstream of the initial reaction, 
as shown in figure 5.6 for S1 and S3, respectively.  
The typical high-temperature environment under fuel-rich conditions increases the 
concentration formation of C/H radical, that would lead to the creation of acetylene 
and propargyl creation which are significant precursors for soot formation [135, 136].  
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 Φ=1.8 Φ=1.6 Φ=1.9 
 S1 S2 S3 
 
 
 
B1 
   
 
 
 
B2 
   
 
 
 
B3 
   
 Figure 5-6 Abel inversion for CH* chemiluminescence of swirl gas mixtures at different 
equivalence ratios for various injection regimes. 
Direct flame imaging was achieved to observe the flame appearance of methane and 
for the blends under various equivalence ratios for the case of closed holes. A digital 
camera (Nikon; Model D7200) was used to image the global flame appearance of 
blends swirl flame established at different equivalence ratios through the optically 
accessible quartz wall.  
Figure 5.7 shows four sets of blends flame images, case D1, D2, D3 and D4 established 
at a constant composition of 0%,5%,10% and 15% CO2 respectively. Bluish flames 
were observed because of the intense heat reaction zones. The fuels chemically react 
in this region under enough oxygen, leaving no unburned hydrocarbon for post-flame 
reaction or soot formation. Increasing the equivalence ratio to near stoichiometric 
   Chapter 5: Emissions reduction by using different blends and various conditions under premixed 
combustion 
 
87 
region results, in the luminous orange-yellow region downstream of the primary 
reaction zone. Visible orange-yellowish post flames are revealing of soot formation.  
 Φ=0.9 Φ=1.8 
   
 
 
 
0% 
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5% 
CO2 
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Figure 5-7 Global flame images of methane and different blends at various equivalence ratios. 
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The luminous post-flame region is evident for the fuel-rich mixture, as shown in figure 
5.7 for baseline and different blends. The typical high-temperature environment under 
stoichiometric or fuel-rich conditions increases the concentration of vapour consisting 
of combustion product of H2 component, e.g. H2O, and formation of C/H radical play 
a significant role in the production of acetylene and propargyl formation which are 
essential precursors for soot formation [153, 154].  
It is observed that 10% CO2 blend (D3) shows less luminous post-flame region 
compared to other blends and methane under same equivalence ratio, which shows the 
lower trend for soot formation for the former as a result of reduced availability of C 
radicals. Moreover, the burning intensity is increased while the primary reaction zone 
length is decreased, as it is evident across the D3 flames. 
5.3.2 Exhaust gas analysis     
5.3.2.1 NOx emissions   
Figure 5.8 shows the difference in the level of NOx emissions as a function of 
equivalence ratio with altered injection systems with and without swirl for all different 
blends.  
The diluents of CO2 for all the cases were supplied by cylinders that have CO2 already 
mixed with CH4 at different diluent ratios as shown in table 5.2.  
Overall, all equivalence ratios tested presented a declining trend as the CO2 diluent 
ratio rises from 0 to 30%. The lesser NOx can be attributed to the thermal effects of 
CO2 dilution. The thermal effect decreases the flame temperature and thus the thermal 
NO [41]. 
CO2 diluent lowers the adiabatic temperature due to its greater specific heat, which 
would result in a substantial reduction in overall burning rate via absorption of heat 
from the combustion process [155]. Dropping the flame temperature caused less NOx 
to be emitted, concurring with the thermal NOx formation mechanism [41]. 
The addition of diluent to the air stream too caused a matching decrease in oxygen 
mole fraction. So, the flame temperature and the mole fractions of H, O, and OH 
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radicals were reduced. For the chemical effect, the addition of diluents decreased N 
and HCN mole fractions and subsequently reduced the prompt NO [156].   
 
(S1) 
 
 (S2) 
 
(S3) 
Figure 5-8 NOx exhaust gas concentration (dry) as a function of equivalence ratio for B1, B2 
and B3 for different injection regimes with swirl and without swirl.  
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Regarding injection approaches an external injection system using swirling vanes and 
no central injection (S2) has created the cleanest profiles, as predictable. About the 
other circumstances (S1, S3) the fuel is introduced out of the central injector; and as 
such it has single an axial velocity component that would cause a decrease in the swirl 
number.  
For all blends, the trend is similar with low equivalence ratios showing the lowest 
NOx. Surprisingly, B3 with and without swirl produced the same NOx consequences. 
As before stated, this is an effect of the increase in a CO2 diluent, thus decline of 
thermal NOx formation.  
Further analyses will be achieved regarding CO for this blend. For pure methane, (B1), 
emissions are comparatively higher across all ranges of equivalence ratios, as expected 
[26].  
Figure 5.9 gives the difference in the level of NOx emissions as a function of 
equivalence ratio for all different blends for the case of using only the outer injection 
with the holes around the burner were closed. The CO2 dilution for all the cases was 
provided as shown in table 5.4.  
 
Figure 5-9 NOx exhaust gas concentration (dry) as a function of equivalence ratio for D1, D2, 
D3 and D4 blends. 
Overall, all equivalence ratios experienced showed a decreasing trend as the CO2 
diluent ratio increases from 0 to 15%. The lesser NOx can be attributed to the thermal 
impacts of CO2 dilution. The thermal effect decreases the flame temperature and thus 
the thermal NO [41].CO2 diluent lowers the adiabatic temperature caused by its higher 
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specific heat, which would result in a major reduction in total burning rate via 
absorption of heat from the combustion process [155]. 
Lowering the flame temperature produced less NOX to be produced, concurring with 
the thermal NOx formation mechanism [41]. For example, using 10%CO2/90% 
methane blends mixtures resulted in lower NOx production about 60% for the case of 
equivalence ratio=1, compared to methane. 
Adding of diluent to the air stream likewise caused a corresponding decrease in oxygen 
mole fraction. Therefore, the flame temperature and the mole fractions of H, O, and 
OH radicals were reduced. For the chemical effect, the addition of diluents decreased 
N and HCN mole fractions and subsequently cut the prompt NO [156].   
For all mixtures, the tendency is similar to low equivalence ratios viewing the lowest 
NOx. Relatively for pure methane, (D1), emissions are higher across all ranges of 
equivalence ratios, as expected [26].  
5.3.2.2 CO emissions   
Also, CO emissions are influenced by the injection mechanism, equivalence ratios and 
fuel blends at various operating conditions. Figure 5.10 shows the log form of CO 
emissions as a function of equivalence ratios for all combinations using different 
injection regimes and with two swirling cases. Overall, all tested equivalence ratios 
showed a decreasing trend as the CO2 diluent ratio increases. However, the best trend 
was attained using B2 (85% CH4-15 % CO2) which created the lowest CO 
concentration.  
The great creation of CO with B1 is due to the incomplete combustion of pockets of 
fuels. That could likewise be attributed to the short residence time when the system 
runs without swirl, so the CO formed in the combustion zone has less time to convert 
to CO2 completely. Additionally, the low flame temperature under rich conditions 
prohibits the conversion of CO into stable species of CO2 [157].  
So, an increase in equivalence ratio resulted in a rise of CO formation by growing the 
amount of gas. Swirling flows through their coherent structures enhance proper mixing 
that results in the reduction of NOx and CO as shown in figures 5.8 and 5.10. 
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Interestingly, B2 with swirl presented the lowest CO profiles. Likewise, similar to 
NOx formation, B3 produces similar CO results with and without swirl.  
 
(S1) 
 
(S2) 
 
(S3) 
Figure 5-10 CO exhaust gas concentration (dry) as a function of equivalence ratio for B1, B2 
and B3 for different injection regimes with swirl and without swirl.  
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A slight increase in CO2 in the mixture seems to be performing as a stimulus of better 
combustion, dropping the competition of reacting species for oxygen. However, this 
phenomenon stops at higher CO2 concentrations which lead to combustion only at the 
tip of the burner.  
The latter is established by the creation of the equal quantities of  NOx (i.e. same 
temperature), low flame resistance (i.e. restricted equivalence ratios in the rich region), 
and equal CO emissions, (i.e. combustion only in a small section of the combustion 
zone).All proof that combustion occurs only at the tip of the burner outlet. 
Figure 5.11 presents the log form of CO emissions as a function of equivalence ratios 
for all mixtures for the situation of the holes were closed, where CO emissions are 
influenced by the equivalence ratios and fuel blends at different operating conditions. 
All tested equivalence ratios presented a decreasing trend as the CO2 diluent ratio 
increases except for 15% CO2 percent. Then, the best blend was found by using D3 
(90% CH4-10 % CO2) with the new conditions which produced the lowest 
concentration of CO.  
 
Figure 5-11 CO exhaust gas concentration (dry) as a function of equivalence ratio for D1, D2, 
D3 and D4 blends. 
The high production of CO with D4 (85% CH4-15 % CO2) after closed the holes 
around the rig by using cement material is due to the incomplete combustion of 
pockets of fuels. The high percentage of CO2 does not allow the gas to burn 
completely. That could also be attributed to the short residence time so the CO formed 
in the combustion zone has less time to convert to CO2 completely.  
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Furthermore, the low flame temperature under rich conditions prohibits the conversion 
of CO into stable species of CO2 [157].  
Thus, a rise in equivalence ratio resulted in an augmentation of CO formation by 
increasing the quantity of gas. Remarkably, D3 showed the lowest CO profiles because 
of the reasonable amount of CO2 in this case, indicating that the blend does not have 
any difficulties to burn.  
As mentioned before, a slight increase in CO2 in the mixture appears to act like an as 
an exciter of better combustion, reducing the competition of reacting species for 
oxygen. Nevertheless, this phenomenon stops at higher CO2 concentrations which lead 
to combustion only at the tip of the burner.  
5.3.2.3 CO2 and O2 emissions     
The emissions index for CO2 and O2 for all mixtures are shown in figures.5.12 and 
figure 5.13 respectively. Both combinations showed higher CO2 emissions compared 
to baseline B1.  
The high carbon dioxide emissions for the mixtures was attributed to the presence of 
carbon monoxide in the fuels, with part of the CO produced was converted into CO2  
[158].  
Regarding swirl, the emission increases when the swirl has been used for all blends, 
as the swirl makes the flame more efficient as a consequence of better mixing.  
The O2 emission profiles are shown in the figure 5.13, B2 produced the more efficient 
combustion. Therefore, B2 have lower O2 emissions compared with B3. The highest 
O2 emissions were measured mixture B1 and B3 without swirl that was evidence the 
combustion is not efficient enough. 
For the case of round holes are closed, the emissions list for CO2 and O2 for all 
mixtures are shown in figure 5.14 and figure 5.15 respectively. D2 and D3 mixtures 
showed higher CO2 emissions compared to baseline D1 and blended D4. 
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The high carbon dioxide emissions for the blends was attributed to the better reactivity 
combined with the already high carbon dioxide in the fuel, with part of the CO formed 
was converted into CO2  [158], as previously stated. 
 
(S1) 
 
(S2) 
 
(S3) 
Figure 5-12 CO2 exhaust gas concentration (dry) as a function of equivalence ratio for B1, B2 and B3 for 
different injection regimes with swirl and without swirl.  
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(S1) 
 
(S2) 
 
(S3) 
Figure 5-13 O2 exhaust gas concentration (dry) as a function of equivalence ratio for B1, B2 and 
B3 for different injection regimes with swirl and without swirl.  
That is another evidence that the combustion for D4 combination was not good in 
addition to CO production for this blends that showed on earlier. That happened after 
closed the holes around the rig by using cement material and the reason for that is due 
to the incomplete combustion of pockets of fuels.  
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The high percentage of CO2 relatively make the gas does not burn entirely. Moreover, 
that attributed to the short residence time, so the CO formed in the combustion zone 
has less time to convert to CO2 [157] entirely.  
 
Figure 5-14  CO2 exhaust gas concentration (dry) as a function of equivalence ratio for D1, D2, 
D3 and D4 blends. 
 
Figure 5-15 O2 exhaust gas concentration (dry) as a function of equivalence ratio for D1, D2, D3 
and D4 blends. 
The O2 emission profiles are shown in figure 5.15, demonstrating that D2 and D3 
produced the more efficient combustion.  
Therefore, D2 and D3 have lower O2 emissions compared to D1 and D4. The peak O2 
emissions were measured using mixture D4; it is another indication that the 
combustion is not efficient enough. 
   Chapter 5: Emissions reduction by using different blends and various conditions under premixed 
combustion 
 
98 
5.3.3 Effect of CO2 diluent addition on lean blow-off limits    
Premixed combustion using pure methane and different blends was performed to 
determine the blow-off limits using open flame conditions.  
Measurements were obtained for pure methane and then for various concentrations of 
CO2 (table 5.2). Figure 5.16 shows the blow-off limit as a function of the mass flow 
rate at different CO2 diluent rates.  
CH4 and gases blends flow rates were set to constant values, while the air was then 
gradually increased until blowoff was achieved. 
The injection of CO2 seemed to have a significant influence on the blowoff limit 
(figure 5.16). The increase in carbon dioxide from 0% to 15% and 30% apparently 
show the progression and movement of the boundaries of this instability, dropping the 
resistance of the flame as the diluent is augmented. 
The higher the CO2 flow rate, the higher the equivalence ratio at which blowoff occurs, 
for example, blowoff happened at equivalence ratio equal to 1.4 as shown in figure 
5.16a for case B3.  
The rise of carbon dioxide changes the limits of the instability, reducing the resistance 
of the flame. As the diluent is increased, the CO2 could increase the strength of the 
central recirculation zone (CRZ) while keeping nearly the same equivalence ratio 
before blowoff.  
That could improve the recirculation of other products in the field, augmenting their 
residence. 
An increase in the flow rate of the blend will enhance the intensity of the shear layer, 
which will join into a new structure known as the High Momentum Flow Region 
(HMFR), which is highly correlated with the CRZ [44].  
This fact indicates that operating in lean conditions may be impossible when CO2 is 
added to the combustion mixture in an entirely premixed manner. 
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(S1) 
 
(S2) 
 
(S3) 
Figure 5-16 Blowout limit as a function of mass flow rate for B1, B2 and B3 for different 
injection regimes with swirl and without swirl. 
That could improve the recirculation of other products in the field, augmenting their 
residence. An increase in the flow rate of the blend will enhance the intensity of the 
shear layer, which will join into a new structure known as the High Momentum Flow 
Region (HMFR), which is highly correlated with the CRZ[44].  
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This fact indicates that operating in lean conditions may be impossible when CO2 is 
added to the combustion mixture in an entirely premixed manner. 
Regarding injection strategies, an external injection system with no central injection 
(S2) has produced the best stability profile, especially with swirling. For the other 
circumstances (S1, S3) the fuel is introduced out of the central injector; and as such it 
has just an axial velocity component which would cause a decrease in the swirl 
number.  
Meanwhile, the central recirculation zone is a highly complex, chaotic recirculation 
region formed by the collision of vortices. Taking CH4 as an example, it is obvious 
that the blow off occurred equivalence ratio equals 0.6. However, it happened at 1.05, 
1.35 in the case of S1 and S3 respectively. 
Methane and different combinations were performed to fix the blow-off limits using 
open flame conditions alongside premixed combustion. Measurements were attained 
for pure methane and then for various mixtures of CO2 (table 5.4).  
Figure 5.17 displays the blow-off limit as a function of the mass flow rate at different 
CO2 diluent rates. CH4 and gases mixtures flow rates were adjusted to constant values, 
whereas the air was then regularly increased until blowoff was accomplished. 
 
Figure 5-17 Blowout limit as a function of mass flow rate for D1, D2, D3 and D4 blends. 
The injection of CO2 appeared to have a major effect on the blowoff limit. The rise in 
carbon dioxide from 0% to 15% apparently shows the progress and movement of the 
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boundaries of this instability, dropping the resistance of the flame as the diluent is 
increased.  
The higher the CO2 flow rate, the higher the equivalence ratio at which blowoff arises, 
for instance, blowoff occurred at equivalence ratio equal to 0.9 as shown in figure 
5.17, for case D4.  
The increase of carbon dioxide varies the limits of the instability, dropping the 
resistance of the flame. As the diluent is increased, the CO2 could raise the strength of 
the central recirculation zone (CRZ) while keeping nearly the same equivalence ratio 
before blowoff. That could expand the recirculation of other products in the field, 
extend their residence. 
The strength of the shear layer will increase alongside the growth in the flow rate of 
the blend, which will join into a new structure known as the High Momentum Flow 
Region (HMFR), which is highly connected with the CRZ [44].  
5.3.4 Temperature measurement  
Measurement of temperatures on the burner wall is presented in figure 5.18 for 
different amounts of carbon dioxide addition to methane as well as several swirl 
conditions. From the temperature profiles for various injection systems shown in 
figure 5.18, it can be noted that the temperature decreases with carbon dioxide 
addition.  
For example, with 15% and 30% carbon dioxide addition the temperature is lowered 
to 70 °C and 180 °C at the exit burner in the injection regime case S1, when compared 
to the real methane case. The difference in temperature for B1 to B2 is 12% however 
for B1to B3 is 31% as shown in figure 5.18 S1. 
That is attributed to the CO2 diluent that reduces the adiabatic temperature due to 
greater specific heat, which would result in a substantial decrease in overall burning 
rate because of the reduction flame speed [155]. 
 
   Chapter 5: Emissions reduction by using different blends and various conditions under premixed 
combustion 
 
102 
 
(S1) 
 
(S2) 
 
(S3) 
Figure 5-18 Temperature profiles at a different height for B1, B2 and B3 for various injection 
regimes with swirl and without swirl (S1- Φ=1.8, S2- Φ=1.6, S3- Φ=1.9). 
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(a) 
 
(b) 
Figure 5-19 Temperature profiles at the different height for D1, D2, D3 and D4 for different 
equivalence ratio (a- Φ=1, b- Φ=1.5). 
Regarding injection systems, there are no significant differences in temperatures for 
all cases. These differences are related to the variable equivalence ratio where the 
temperature increases with equivalence ratio, as noticed with the higher temperatures 
obtained at equivalence ratio 1.9 shown in figure 5.18 S1. Furthermore, S2 to S1 for 
methane is 10.1%. However, S3 to S1 temperature for the same blend is 17% as 
illustrated in figure 5.18. 
Measurement of temperature profiles in the reaction zone is presented in figure 5.19 
for different amounts of carbon dioxide addition to methane and various equivalence 
ratios for the rig after the round holes were closed. From the temperature profiles for 
various blends shown in figure 5.19, it can be noted that the temperature of the reaction 
zone decreases with carbon dioxide addition.  
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For example, with 10% carbon dioxide addition the temperature is lowered to 50 °C 
at the exit of the burner and 30 °C, at equivalence ratio =1,1.5 respectively, when 
compared to the clear methane case.  
However, the difference in temperature between D1 to D4 is 22% as shown in figure 
5.19a and figure 5.19b. That is attributed to the CO2 diluent that reduces the adiabatic 
temperature due to higher specific heat, which would produce in a significant decrease 
in overall burning rate due to the reduction flame speed [155]. 
Regarding equivalence ratio, it is apparent from both figures that the temperature 
increased with the rise in equivalence ratio from 1to 1.5. 
5.3.5 Heat release 
Heat release fluctuations were examined using the gain (CH̅̅ ̅̅ )/(CH) as a function of 
time for B1, B2 and B3 for all changed injection systems with and without swirl as 
shown in figure 5.20. Various equivalence ratios were used.  
The contrast between blends was performed to observe the progression of CH radicals 
at different conditions. Results apparently showed a significant gain for B1-S1 and 
B1-S3, likely a consequence of reduced mixing compared to the blends. 
S2 illustrations the most stable conditions, as predictable. Though, an unexpected 
result is the greater stability of the diffusive central injection compared to the premixed 
primary injection. The resulting images were analysed using a Photron FASTCAM 
PFV ver 2.4.1.1 software and MATLAB R2015a. 
The augmented reaction of radicals produced by more oxygen in the central 
recirculation zone wherever the primary premixed injection is discharging its 
premixed mixture.  
The central recirculation zone is a highly complex due to a quasi-chaotic recirculation 
region shaped by the impact of vortices of all sizes, the injection into the last will 
produce significant fluctuations of radicals, as observed.  
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(S1) 
 
                                       (S2) 
 
(S3) 
Figure 5-20 Gain as a function of time for B1, B2 and B3 for different injection regimes with 
swirl and without swirl  (S1- Φ=1.8, S2- Φ=1.6, S3- Φ=1.9). 
However, this does not improve emissions reduction and barely augments flame 
stability, as demonstrated in the previously stated results.   
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5.3.6 CH* chemiluminescence analyses 
The obtained flame images of CH* chemiluminescence were averaged (1000 images) 
and analysed via a Photron FASTCAM PFV Ver.3670 software and MATLAB 
R2016a, to get the planar flame structures for the situation of rig holes are closed. 
Figure 5.21 shows the planar flame structures of all the blends.  
Imaging illustrates the radiation from the D3 flame is significantly different compared 
to methane and other blends.  
Regarding CH*intensity, the CH* concentration located downstream in the axial 
location at equivalence ratios=0.9, which a high-intensity peak for methane, D1. A 
similar trend was observed for D2 and D4. The high CH* intensity profiles for these 
blends is attributed to an inadequate mixing and lower OH reactivity compared to 
combine D3, thus more production of soot and CO, as previously observed.  
It seems that D3 has produced a flame with low CH* formation, high CO2 production, 
low CO and NOx, and stable flame patterns. The figure shows that methane and D4  
flame exhibits a relatively large area with high-intensity signals especially at 
equivalence ratios =1.8 at the post-reaction zone region.  
This irregular post flame structure corresponds to the observed yellowish flame brush 
downstream the combustion zone, which indicates high soot tendency. For D2 and D3, 
the post-reaction zone showed little luminosity at the downstream post-reaction zone 
of the flame, indicative of clean combustion with the low level of soot formation.  
The high luminosity of the post-reaction zone region for the methane flame is reflected 
in the high-intensity count as a result of soot radiation. However, the lower luminosity 
of the post-reaction zone region for D3 blends is attributed to that small increase of 
CO2 that seems to be acting as a supporter of a better combustion, dropping the 
competition of reacting species for oxygen.  
But, this phenomenon stops at higher CO2 concentrations which lead to combustion 
only at the tip of the burner and trouble with the ignition. This idea is confirmed by 
the production of higher CO emissions as shown earlier. 
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Figure 5-21 Abel inversion for CH* chemiluminescence for different blends and different 
equivalence ratios. 
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Figure 5-22 Leaking problem in the generic swirl burner  
Regarding liquid fuel, it was tried to work with this type of fuels (diesel and biodiesel), 
in this chapter for the same burner then work with the combination (liquid and gas as 
shown in chapter six). However some problems had appeared, firstly because for the 
design of the burner, it leaked when placed on vertical position so many drops would 
be collected as shown in figure 5.22. Secondly, it was not possible to ignite the liquid 
alone, and it needed gas to help to ignite that cause the liquid to collect and had a leak. 
5.4 Summary 
A trial study on the combustion of methane-carbon dioxide mixtures at atmospheric 
conditions was carried out where gas mixtures have been examined by using different 
levels of premixing. Gas mixtures have been investigated by using changed levels of 
premixing with changed injection strategies with and without swirl and with and 
without central injection.  
Outcomes showed that the introduction of limited amounts of CO2 (15%) had 
controlled reaction rates and temperatures in the combustion zone, thus producing a 
decrease in emissions with a reduction in flame stability at low equivalence ratios. 
More dilution leads to even poorer combustion and flame extinction only above the 
burner tip. CH chemiluminescence distribution showed that B1-S1 and B1-S3 have 
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higher CH radical variations, as the creation of CH is greater but less controlled when 
compared to B1-S2.  
The use of central premixed injection produces the most chaotic CH production case, 
possibly because of the production of radicals in a highly chaotic region such as the 
central recirculation zone.  
Moreover, an experimental study on the combustion of methane and methane-carbon 
dioxide mixtures would present for the same burner, with different conditions where 
a premium black fire was used to close the holes around the burner, gas mixtures have 
been examined by using different levels of premixing without using central injection.  
Results showed that the introduction of limited amounts of CO2 (10%) had controlled 
reaction rates and temperatures in the combustion zone, thus producing a reduction in 
emissions with a decrease in flame stability at low equivalence ratios.  
The results showed that a notable reduction in NOx was observed at all conditions for 
the CO2/Methane blends in about 60% for 10% CO2 addition.  However, carbon 
monoxide emissions also decreased when using 5-10% CO2 addition.  
The use of CO2/Methane blends mixtures led to lower CO production about 83% for 
the case of 10% CO2. CH chemiluminescence analyses indicated that pure methane 
produced high heat fluctuation, with CO2 at 5-10% showing the most stable CH 
profiles. 
CH chemiluminescence distribution indicated that D1 and D4 have higher CH radical 
fluctuations, as the construction of CH is greater when compared to D2 and D3, with 
the latter showing good CO2 production, low CO and NOx, with relatively high flame 
stability.  
This chapter has been finished with one of the contributions of this thesis, by studying 
on the combustion of methane and methane-carbon dioxide mixtures at atmospheric 
conditions by using different levels of premixing for various conditions. 
In addition to the work has done with chapter four with different types of liquids it is 
the time to start working with next chapter on two-phase flows. Studying liquids and 
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gaseous combinations of the various alternative fuels using a swirl burner, evaluating 
emissions, CH*, temperature profile and stability, and in this chapter the comparative 
study of methane and methane-carbon dioxide mixtures was performed to understand 
the conclusion of using these blends in a gas turbine.  So, in next section, experimental 
studies of alternative gases and liquids in a two-phase system using a 20 kW swirl 
burner were achieved.      
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6 Chapter 6 
Comparison performance of CO2/CH4/biodiesel and CO2/ 
CH4/diesel in a swirl burner generator 
An experiment is a question which science poses to Nature, and 
a Measurement is the recording of Nature’s answer 
Max Planck 
6.1 Introduction   
There is an ever-increasing need to understand multiphase combustion because of their 
extensive application in energy, transportation, environment, propulsion, industrial 
safety, and nanotechnology.  
More scientists and engineers with skills in these areas are required to solve many 
multifaceted problems. Multiphase reacting flows have been main research issues for 
many decades, and studies in these regions are expected to continue at an even greater 
speed. 
Therefore, this chapter has been focused on that multi-phase studies by using a swirl 
burner. An experimental study on the combustion of CO2/CH4/diesel vs. CO2/CH4/ 
biodiesel mixtures at atmospheric conditions where the biodiesel derived from 
cooking oil.   
The 20 kW swirl burner was employed to analyse gas turbine combustion features 
under atmospheric conditions to quantify flame stability and emissions by using these 
fuels. The burner configuration consisted of a centre body with an annular, premixed 
gas/air jet introduced through five, 60° swirl vanes.  
A TESTO 350XL gas analyser was used to determine NOx and CO emission, and 
other types of emissions trends. Comparison between the blends was carried out at 
different equivalence ratios. CH* chemiluminescence diagnostics was likewise used 
and correlated with the levels of emissions produced during the trials at various flow 
rates. The resulting images were analysed using MATLAB R2016a and Photron 
FASTCAM PFV Ver.3670 software and to determine instability patterns that were 
correlated to fuel blend.  
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6.2 Experimental   setup                         
6.2.1 Swirl burner and flow delivery system     
An axial swirling flame burner was utilised to establish continuous premixed swirling 
flames at atmospheric conditions. This swirl injector consists of a liquid inlet, gas inlet, 
aeration tube, mixing chamber, swirl-generating vanes, swirl chamber, and the 
discharge orifice. The schematic of the swirl burner and the placement position of 
swirler are shown in figures 5.3 and 6.1.  
The liquid flows were supplied independently to the atomiser through the centre via a 
central injector, whereas premixed gas was supplied through the outer, the gas is 
introduced into outer injector with a low velocity to get proper mixing with the liquid 
stream on the mouth burner.  
The air-gas mixture passes through swirl-generating vanes which create swirling 
effects on the combination before exiting the injector through the discharge orifice 
figure 6.1. 
Low liquid flow-rate was intended in this study to simulate low fuel consumption and 
to get better atomization compatible with the velocity of the premixed gas. One of 
trouble it had been faced that when the nozzle was close the mouth of the burner as 
shown in the figure 6.1b, it was impossible to attain stable flame because the high flow 
rate for the liquid compares with a gas push the premixed flow rate and no flame had 
happened.  
So, the kind of nozzle was used, it was replaced by Delavan 0.75 x 60  WDB  nozzle 
to Delavan 0.4 x 60 A, the first one had been used in Kurji’s work, [70]. To get the 
less possible flow rate, even with that trouble had decreased but it had still existed, 
then the nozzle position had been moved to 50mm below the mouth to get a stable 
flame at some points. 
There are several other parameters to take into consideration such as; the diameter of 
the chamber, the diameter of the exit orifice and air injection hole size, quantity and 
location [20, 160].  
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Literature has shown, depending on the parameters chosen for the design, the air to 
liquid ratio (ALR) and the pressures at which the fluids are supplied. The ALR appears 
to have a particularly significant effect on the mean droplet size; higher ALR tends to 
result in smaller mean droplet sizes.  The schematic of the swirl flame burner and the 
flow delivery system is shown in figures 6.1 and 6.2. 
 
                   A                                                          B                                                                                                                                                        
Figure 6-1 A-Schematic burner with different swirler position B-Schematic burner and swirler. 
     A  Delavan 0.4 x 60 A, nozzle atomiser was used as the fuel injector to atomise 
liquid fuel before mixing with swirling premixed. The atomiser nozzle was used 
operating pressures of 5 bar absolutes and with 0.54 litre/hour constant flow rate for 
the liquid fuel, using compressed nitrogen, passing into a liquid accumulator as shown 
in figure 6.2.  
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The swirl burner employed in this trial consists of an axial swirler and a circular 
stainless steel tube placed as illustrated in figure 6.1.  
 
 
Figure 6-2 Generic swirl burner with accessories. A - Swirl burner; B – Rotameters; C – High-speed 
camera; D – Emergency button; E – Pilot burner; F – Air regulator; G- Nitrogen cylinder; H- 
Accumulator. 
A pilot ignitor was used to ignite the flame as shown in figure 6.2, the combustion 
chamber is rectangular and has four internal quartz windows, giving full optical access 
to the combustion chamber. The width and the height of the combustion chamber are 
118 mm, 410 mm, respectively, was used to form a combustor wall at the burner outlet, 
while one end of the tube was exposed to open atmospheric condition. More details of 
the burner geometry [43]. 
The swirler is placed in concentric with the atomiser at the burner outlet (100mm down 
the burner mouth). A circular quartz tube with a diameter of 100 mm and 180 mm in 
length was used to form a combustor wall at the burner outlet, while one end of the 
tube was exposed to open atmospheric condition. Details of the burner geometry are 
shown at [43]. 
A 1.5 mm thermocouple was positioned at various heights from the burner exit (300, 
and 700mm).The last point represents the exit point for the burner. 
A Photron Fastcam APX-RS high-speed camera operating at 300 frames/s was also 
used with a 105 mm, 1:2.8 Nikon lens. The resultant images were analysed using 
Photron FASTCAM PFV ver 2.4.1.1 software and MATLAB R2016a.  
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6.2.2 Operating conditions  
The swirling premixed was mixed before introduction into the burner where gas and 
air for the outer part was premixed in separate tubes to ensure adequate mixing before 
entering the burner then mixing with the liquid fuel spray. The atomising liquid fuel 
and swirling premixed were delivered independently at room temperature to the burner 
outlet at a different atomising air-to-fuel mass ratio (ALR), at which excellent 
atomization can be achieved at atmospheric condition. The operating conditions for 
the liquid fuels tested are shown in table 6.1. 
However, table 6.2 shows all tested blends. The effect of two-phase flow on the 
emissions was investigated by using TESTO 350XL gas analyser to acquire NOx, CO 
and other emissions to characterise all two-phase flow conditions. CH 
chemiluminescence diagnostics was examined and correlated to the stability of each 
case.  
Table 6.1 Fuel properties obtained  
Property Diesel [160] Unsaturated 
Biodiesel[70] 
Viscosity [m2/s] 20°C 3 x 10-6 7.40 x 10-6 
Viscosity [m2/s] 40°C 2.00 x 10-6  4.49 x 10-6 
Density [kg/m3] 820 859 
Surface Tension [mN/m] 28 29.1 
HHV [MJ/kg] 46 38.9 
Water content [wt%] 2.6 0.7 
Both the air and blends were controlled by rotameters so their respective quantities 
could be monitored and altered. The system incorporates three solenoids that only 
allow combinations to pass once the system is stabilised CH4 was blended with CO2 
as diluents then mixed with liquid depending on the combination and condition. The 
effect of CO2 as diluent on the emissions has been studied by incrementally adding 
CO2 from 0%, 5% and 10%. The blends for all cases were supplied by cylinders that 
contained CO2 already mixed with CH4 at the required percentages. Various 
combinations were followed to observe how the increment of CO2 in the blends 
affected the flame and reduced/increased emissions. The TESTO 350XL gas analyser 
was used to measure NOx, CO and other emissions to characterise different 
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equivalence ratios while using different fuel mixtures. CH chemiluminescence 
diagnostics was examined and correlated to the stability of each case. 
 
Figure 6-3 Premixed inputs of blends and air utilising the venturi effect to allow initial testing 
with gaseous fuel. 
 
Table 6.2 Blend mixtures composition (vol. %) 
Mixture CH4 CO2 Liquid Fuel  Mixture CH4 CO2 Liquid Fuel 
B1 100 0 Diesel B4 100 0 Biodiesel 
B2 95 5 Diesel B5 95 5 Biodiesel 
B3 90 10 Diesel B6 90 10 Biodiesel 
6.2.3 Emissions measurements    
Measurements of post-combustion emissions were performed using a gas analyser test 
350-XL  at approximately 300 mm downstream of the burner outlet. The sampling 
probe was placed 10 mm inside from the exit plane. The emissions measured include 
NOx, CO, O2 and CO2, with the measurement range of 0-1000 ppm, 0-10,000 ppm, 0-
25% and 0-99.9% respectively. The emission readings from the gas analyser are 
reported in dry basis with the uncertainty of ± 5% ppm for NO, ± 5% ppm for CO, ± 
0.8% for O2 and ± 0.3% for CO2. Measurements were taken 1 minute after the readings 
have become stabilised. 
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6.3 Results and discussion   
6.3.1 Flame imaging 
Direct flame imaging was performed to examine the flame appearance of 
CO2/Methane blends, diesel or biodiesel derived from cooking oil. A digital camera 
(Nikon; Model D7200) was used to image the global flame appearance of blends swirl 
flame established through the optically accessible quartz wall.  
Figure 6.4  shows six sets of blends flame images, cases B1, B2, B3, B4, B5 and B6 
established at a constant composition of 0%, 5%, and 10% with diesel for a one time 
and with biodiesel for another respectively, as shown in table 6.2. 
Blue flames were observed as a result of the intense heat reaction zones. The fuels 
chemically react in this region under sufficient oxygen, leaving no unburned 
hydrocarbon for post-flame reaction or soot formation. Visible orange-yellowish post 
flames are indicative of soot formation. The luminous post-flame region is evident for 
the fuel-rich mixture, as shown in figure 6.4 for B1, B2  and B3 respectively where it 
is obvious with these blends that the emissions increase.  
The blueness of flame was due to lower carbon content in the fuel for the blends of 
biodiesel but yellowness for the blends of diesel due to higher carbon content. In other 
words, the blue coloured flame was due to the increase in the air-fuel ratio. The 
luminous bright yellow flame zone was due to the decrease in air-fuel ratio. 
The luminosity of the flame was reduced in the case of biodiesel, and larger bluish 
zones are visible in flames. The length of the blue region observed in the near-burner 
area of the flame was increased in the case of biodiesel. The blue region is associated 
with the homogeneous gas phase reactions. The increase in the blueness was attributed 
to the increase in oxygen content of the fuel. The luminosity of flame was due to 
carbon content[161]. Biodiesel oil flames tended to have a smaller width and longer 
penetration, while diesel fuel flames have a wider and more even structure.  
This difference was due to their relative densities and viscosities rather than their spray 
size. Since biodiesel cooking oil has higher density and viscosity values compared to 
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diesel oil, the momentum and shear resistance of waste cooking oil droplets made them 
less sensitive to swirling, and thus had longer penetration.  
Comparison of the two fuels, diesel oil, tended to produce more sooty flames, where 
the quartz confinement tube was stained with black soot residue after only a few 
seconds of operation due to soot formation. The show time for every image in the 
figure was 5 seconds by taking the average. Every experiment was repeated five times 
to be sure from the result and take the average of them for each point in the results and 
the time was between one experiment and another one was one hour to cool the burner 
and get accurate results. 
  CH4 CH4+5CO2 CH4+10CO2 
Diesel 
   
Biodiesel 
   
 
Figure 6-4 Global flame images of swirl gas mixtures at different equivalence ratio=1.7 for all 
different blends 
Biodiesel cooking oil was considered as an oxygenated fuel which produced less soot 
due to the existence of oxygen molecules. Where formation of C/H radical play a 
significant role in the production of acetylene and propargyl formation which are 
   Chapter 6: Comparison performance of CO2/CH4/biodiesel and CO2/ CH4/diesel in a swirl 
burner generator  
 
119 
essential precursors for soot formation [153, 154].  The oxygen content in waste 
cooking oil improved the combustion efficiency compared to the case of diesel oil 
[161]. 
Furthermore, it is observed that 10% CO2 with the blend (B3 and B6) shows less 
luminous post-flame region compared to other blends under same equivalence ratio, 
that indicating the lower tendency for soot formation for the former due to reduced 
availability of C radicals, where the bright flame decreased with increasing CO2 
percentage. 
6.3.2 Exhaust gas analysis           
6.3.2.1 NOx emissions 
Comparison of the NOx emissions CO2/CH4/biodiesel and CO2/CH4 /diesel under 
various equivalence ratios are shown in figure 6.5. The diluents of CO2 for all the cases 
were supplied by cylinders that have CO2 already mixing with CH4 at different diluent 
ratios as shown in table 6.2. Overall, emissions of NOx from all fuels decreases almost 
linearly with the increase of excess air ratio. 
Lower NOx is produced at extreme high excess air ratios due to the lower flame 
temperature that suppresses the formation of thermal NOx [157, 163]. 
Biodiesel blends show lower NOx emissions compared to diesel blends for all the 
cases and different equivalence ratios. The trend of lower NOx emissions for biodiesel 
could be due to the role of oxygen in the molecule that suppresses CH production, thus 
reducing prompt NOx formation [67, 164]. 
Moreover, the lower NOx values must be attributed in part to the higher heat of 
vaporisation of the biodiesel spray. Regarding CO2 dilution, overall, all tested 
equivalence ratio tested showed a decreasing trend as the CO2 diluent ratio increases 
for both types of liquids.  
The lower NOx can be attributed to the thermal effects of CO2 diluents. The thermal 
effect decreases the flame temperature and thus the thermal NOx [41]. CO2 diluent 
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reduces the adiabatic temperature due to higher specific heat, which would result in a 
significant decrease in overall burning rate [155].  
That is a consequence of the cooling of the flame by absorbing heat from the 
combustion process, due to its high specific heat of the molecule. 
Lowering the flame temperature caused less NOx to be emitted, concurring with the 
thermal NOx formation mechanism [41]. The addition of diluent to the air stream also 
causes a corresponding decrease in oxygen mole fraction.  
Consequently, the flame temperature and the mole fractions of H, O, and OH radicals 
reduce. For the chemical effect, the addition of diluents may decrease the N and HCN 
mole fractions and subsequently reduces prompt NO [156].  
According to the extended Zeldovich mechanism [40], as flame temperatures increase 
so do emissions of nitrous oxides, with reaction rates determined experimentally with 
reasonable accuracy [164].  
Case B5 and B6 show significant lower NOx emissions. Results demonstrate the effect 
of biodiesel and CO2 dilution on the NOx emissions, with a considerable impact. Using 
biodiesel and 10% CO2 led to the average decrease of NOx by ~50% compared with 
B1 for equivalence ratios =1.6, as shown in figure 6.5. 
 
Figure 6-5 NOx exhaust gas concentration (dry) as a function of equivalence ratio for all 
different blends. 
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6.3.2.2 CO emissions   
The emission index presented for CO as a function of equivalence ratios is shown in 
figure 6.6, for all mixtures, CO emissions are influenced by the equivalence ratio and 
fuel blend at different operating conditions. Overall, emissions of CO for all fuels 
decreases with the increase of excess air ratio. CO emissions are higher for low excess 
air ratios as too many rich pockets survive. For high excess rates, the temperatures are 
very low, and any CO formed in rich spray pockets are quenched by the low-
temperature mixture, preventing re-burning. Also, shorter reaction times are expected 
at the higher mass flow rates. Biodiesel blends show lower CO emissions compared 
to diesel blends for all the cases and different equivalence ratios. The trend of lower 
CO emissions for biodiesel could be due to the oxygen content in biodiesel cooking 
oil resulted in a complete combustion than diesel oil [166, 167].  
 
Figure 6-6 CO exhaust gas concentration (dry) as a function of equivalence ratio for all 
different combinations. 
The variation in CO emission level according to different CO2 dilution rates is also 
shown in figure 6.6. For example, the reduction between B2 and B3 is ~36% for the 
equivalence ratio =1.7. The reason for this behaviour is due to the incomplete 
combustion of pockets of fuel combined with the short residence time so the CO 
formed in the combustion zone has less time to convert into CO2 completely [157].  
Thus, the high production of CO at B1, B2 and B3 is due to the incomplete combustion 
of pockets of fuels and further aggravated by the presence of CO in the fuels. 
Moreover, incomplete combustion is a factor that caused unburned hydrocarbons to 
have short residence time to react to form CO [157].  
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6.3.2.3 CO2 and O2 emissions     
Figure 6.7 displayed the variation of CO2 formation as a function of equivalence for 
all blends. Carbon dioxide emissions values for biodiesel blends increased above that 
of diesel blends and increased CO2 dilution mixtures showed higher carbon dioxide 
emissions compared to another blend. The high carbon dioxide emissions were 
attributed to the existence of carbon monoxide in the fuels, with part of the CO formed 
was converted into CO2  [158]. And this is due to more efficient combustion  [168, 
169]. 
 
Figure 6-7 CO2 exhaust gas concentration (dry) as a function of equivalence ratio for all 
different blends. 
 
 
Figure 6-8 O2 exhaust gas concentration (dry) as a function of equivalence ratio for all different 
blends. 
That is another evidence that the combustion for diesel blends was not good in addition 
to CO production for this blends that showed. The O2 emissions profiles were shown 
   Chapter 6: Comparison performance of CO2/CH4/biodiesel and CO2/ CH4/diesel in a swirl 
burner generator  
 
123 
in figure 6.8. Where the more efficient combustion was for B4, B5 and B6, therefore, 
the lowest O2 emissions were for them. However, the lowest combustion and the peak 
O2 emissions were measured for the mixture (B1) that another evidence that the 
combustion is not efficient enough. 
6.3.3 Temperatures measurement  
Measurements of temperature profiles on the burner wall are presented in figure 6.9 
for a different amount of carbon dioxide addition to methane, and different liquid 
blends at various heights from the burner exit (300 and 700mm).The last position 
represents the exit point for the burner chimney. From the temperature profiles at 
Φ=1.7, it can be noted that the temperature decreases with carbon dioxide addition and 
increase with biodiesel blends.  
 
Figure 6-9 Temperature profiles at a different height for all different blends (Φ=1.7). 
The reduction in temperature for CO2 dilution can be attributed to that CO2 diluent 
reduces the adiabatic temperature due to higher specific heat, which would result in a 
significant decrease in overall burning rate due to the reduction flame speed [155]. 
For example, with 0% and 10% carbon dioxide addition the temperature is lowered to 
30 °C at the 700mm from the burner mouth. On the other hand, the increase in 
temperature biodiesel blends,  it is attributed to that the higher oxygen content in 
biodiesel led to higher flame temperature. It may also belong due to the increase in 
fuel consumption. For instance, with the B1 blend and B4, the temperature is increased 
by 50 °C at the 300mm from the burner mouth. 
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6.3.4 CH* chemiluminescence analyses 
CH* chemiluminescence images were averaged (300 images) and analysed to get the 
planar flame structures. Figure 6.10 shows the planar flame structures of different 
swirling flames using diesel and biodiesel at Φ=1.6.  
CH* chemiluminescence excited from the flames can be utilised as a signal of heat 
release rate [169]. A Photron High-Speed Camera with a broadband long pass filter is 
used to reconstruct the region where soot is present.  
The band-pass filter for the CH* radicals is centred at 430 nm ±15 nm. Results show 
that luminescence from biodiesel blends flame is significantly different to diesel. 
Diesel flame show high CH* intensity peaks compared to the biodiesel flames 
especially for B1 due to its high sooting tendency. The high luminosity of the post-
reaction zone region for B1, B2 and B3 flame is reflected in the high-intensity count 
as a result of soot radiation 
The powerful luminosity is attributed to CH* production as a consequence of the high 
content of aromatic rings in diesel. In contrast, biodiesel flames exhibit less CH* 
chemiluminescence intensity within the combustor indicative of cleaner combustion 
with a low level of soot formation.  
The presence of oxygen in the biodiesel augments the local combustion of 
hydrocarbons, whereas the lack of aromatic rings reduces the formation of soot and 
the sooty yellowish flame brush downstream. Likewise, it has been reported that the 
soot generated from biodiesel is rapidly oxidised because of the initial combination of 
oxygen groups in the molecule [170]. 
On the other hand, results show greater CH* gain and soot for blends that did not 
contain CO2 (B1, B4), likely a consequence of reduced mixing and high reactivity 
compared to other blends. Moreover, the high temperature of the CO2 in the CRZ will 
ensure a fast chemical reaction of the diluted reactants, thus allowing low emissions 
and lower temperatures. The low relative CH* luminosity of the post-reaction zone 
region for blends with high CO2 concentration shows an enhanced, cleaner 
combustion. However, this phenomenon stops at higher CO2 levels, i.e. 20% when 
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tested, which led to combustion only at the tip of the burner and troubles during 
ignition. The high luminosity of the post-reaction zone region for B1, B2 and B3 flame 
is reflected in the high-intensity count as a result of soot radiation, and it produced a 
saturation CH* luminosity as shown in figure 6.10. 
   
   
 
Figure 6-10 Abel inversion for CH* chemiluminescence for different blends at equivalence ratio 
= 1.6.  
6.4 Summary 
An experimental study on the combustion CO2/CH4/biodiesel and CO2/CH4/diesel 
mixtures at atmospheric conditions were carried. The combinations have been 
examined by using varying levels of premixing with various equivalences ratio. 
Results showed that biodiesel group blends reduced CO production at all tested 
conditions. Moreover, these combinations caused a reduction in emissions of nitrous 
oxides across all measurements. 
The trend of lower CO emissions for biodiesel could be due to the oxygen content in 
biodiesel cooking oil resulted in a complete combustion than diesel oil.  However, the 
lower NOx emissions compared to diesel blends for biodiesel blends for all the cases 
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and different equivalence ratios could be due to the role of oxygen in the molecule that 
suppresses CH* production, thus reducing prompt NOx formation and must be 
attributed in part to the higher heat of vaporisation of the biodiesel spray. 
The introduction of CO2 reduced the reaction rate and temperatures in the combustion 
zone, thus leading to a reduction in emissions of nitrous oxides as a consequence of 
decreases in flame temperature. CO2 diluent decreased CO production at all tested 
conditions that belong to the incomplete combustion of pockets of fuels for blends 
without CO2 and could also be attributed to the short residence time, so the CO formed 
in the combustion zone has less time to convert to CO2 completely. 
CH* intensity profiles downstream the burner outlet for diesel blends and biodiesel 
blends were carried as well. Diesel flames showed high CH intensity in the axial 
profile compared to biodiesel due to the high sooting tendency of the former. On the 
other hand, results showed greater CH* gain and soot for blends that did not contain 
CO2. In general CO2/CH4/biodiesel mixtures have produced the cleanest profiles with 
the best flame stability. 
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7 Chapter 7 
Conclusions and future work 
For every fact, there is an infinity of hypotheses 
                                                      Robert Maynard Pirsig 
7.1 Conclusions     
The condition to meet stringent environmental legislation and global depletion of 
fossil fuels have prompted continuous development for clean, sustainable alternative 
fuel and low-emissions combustion technology. In the field of the gas turbine, fuel 
flexibility is a required feature from the perspective of meeting emissions objective 
and reducing operating cost.  
Even more, fuel flexibility is a required feature to meet all the above characteristics 
while minimising operating cost in gas turbines. Thus, some alternative fuels such as 
syngas or biodiesel can be used for gas turbines as these can comply with these 
requirements while being obtained from various processes, making them potential 
candidates for sustainable power generation. On the other hand in many combustion 
applications, the fuel is initially present as either liquid or solid. Most of the existing 
approaches dealing with combustion flows are limited to single-phase injection. To 
eliminate this limit, a new model for multiphase combustion has been developed.  
Consequently, this work examined the performance of swirl burners using different 
injection strategies for various substitute fuels. The research procedure involved 
various stages;  
 An assessment study between two liquid fuels, a pure biodiesel and saturated 
biodiesel, compared to kerosene. Atomization forms were obtained, and a 
combustion test campaign was initiated using a generic swirl burner.  
 A trial study on the combustion of methane-carbon dioxide mixtures was 
achieved. Gas mixtures were examined by using different injection strategies 
with and without swirl and with and without central injection.  
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 The last burner was finally employed to carry out trials using multi-phase 
injection, where, experimental work investigated the performance of a swirl 
burner using various mixtures of CO2/CH4 blends with either diesel or 
biodiesel derived from cooking oil.  
The most significant findings and conclusions of this study are listed below. 
7.1.1   High-pressure optical chamber  
 It was noticed in the saturated biodiesel that injection patterns are less to 
provide efficient droplet breakup and atomization caused by higher 
viscosity and surface tension. 
 At atmospheric and elevated pressure, outcomes revealed that CO 
emissions are reduced with the biodiesels, perhaps as a result of the fuel-
bound oxygen in the molecule which starts reacting further downstream 
than the oxygen contained in the air flow [50].  
 Relatively, the saturated biodiesel also presented lower CO 
concentrations, in some points even lesser than the unsaturated biodiesel 
[48, 49]. The saturated biodiesel seems to be burning with low CO 
production; it is believed that a process related to the saturated particles 
boost heat transfer at the bottom of the flame.  
 Higher NOX concentrations in the exhaust were produced by using the 
saturated blend. The higher NOX emissions from the biodiesels were 
connected to a greater CH* creation leading to induce NOX via 
CH+N→HCN reactions, as observed by others [141].  
Additionally, the largest temperature of reaction produced by the 
additional oxygen and enhanced combustion in the saturated biodiesel 
could also cause higher Zeldovich emissions (thermal NOX). Contrary to 
the experimental results, atomization performance was thought to be a 
parameter that would control the resultant NOX concentrations. For the 
bio-blends, as reduced spray angle and bigger droplet size  [57] would 
result in the fuel remaining unburned for longer periods of time and greater 
axial distances, reducing NOX by a reduction in the combustion efficiency, 
burning more downstream to achieve the reaction.   
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 The saturated solid organic compounds appear to have a catalytic 
influence to increase radical production downstream of the flame zone, 
thus growing quick NOX formation. 
 
  The saturated solid organic seem to be improving the production of OH 
radicals through reactions with the oxygen embedded in the fuel, thus 
increasing temperature even further with an associated production of 
nitrogen oxides. 
 
 The increase of operating pressure had the consequence of increasing 
combustion efficiency.  
 It has been revealed that the perfect operability region for the saturated 
biodiesel is at very lean conditions. 
 Both kerosene and the unsaturated biodiesel produce lower NOx 
emissions when related with the saturated biodiesel, a phenomenon that 
could be linked to the content of nitrogen in the organic material carried 
by the saturated blend[54]. 
Furthermore, solid particles presented traces of a more efficient 
combustion regime, i.e. lower CO and higher CO2. Thus higher 
temperatures and increased Zeldovich NOx. 
 It was also noticed that NOx emissions are reduced considerably at higher 
pressures if the influence of pressure on NOx concentration is taken into 
consideration, with a peak of 120 ppm under atmospheric conditions 
decreasing to 25ppm at 2.9 bars for the saturated biofuel blend. 
Meanwhile, the power requirements for all cases are similar at 40 KW.  
It is believed that the high pressure forces the flame to withdraw towards 
the burner, compacting it and improving combustion and reactivity. 
 
 Visual observations presented that saturated biodiesel will incline to 
produce higher soot emission, reducing the applicability of the fuel for gas 
turbines. 
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7.1.2 20 KW generic swirl burner with gases blends 
 Results displayed that the introduction of limited amounts of CO2 (15%) 
had controlled reaction rates and temperatures in the combustion zone, 
thus creating a decrease in emissions. 
 All equivalence ratios tested presented a declining trend in the level of 
NOx emissions as the CO2 diluent ratio rises from 0 to 30%. The lesser 
NOx can be attributed to the thermal effects of CO2 dilution.  
 The best trends were attained using B2 (85% CH4-15 % CO2) which 
created the lowest CO concentration. 
 The great formation of CO with B1 is due to the incomplete combustion 
of pockets of fuels. That could be attributed to the short residence time 
when the system runs without swirl, so the CO formed in the combustion 
zone has less time to convert to CO2 completely. Additionally, the low 
flame temperature under rich conditions prohibits the conversion of CO 
into stable species of CO2. 
 B2-S2 represents the most stable flame; the post-reaction zone showed 
little luminosity at the downstream post-reaction zone of the flame, 
indicative of clean combustion with the low level of soot formation 
relatively. 
 CH chemiluminescence distribution presented that B1-S1 and B1-S3 have 
higher CH* radical variations, as the formation of CH* is greater but less 
controlled when compared to B1-S2. 
 The use of central premixed injection produces the most chaotic CH* 
production case, perhaps because of the production of radicals in a highly 
chaotic region such as the central recirculation zone. 
 Results for the case of closed holes revealed that the introduction of 
limited amounts of CO2 (10%) had controlled reaction rates and 
temperatures in the combustion zone, thus reducing emissions. 
 CH* chemiluminescence distribution showed that D1 and D4 have higher 
CH* radical fluctuations, as the construction of CH* is larger when 
compared to D2 and D3, and the latter showed a good CO2 production, 
low CO and NOx, with relatively high flame stability. 
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 The high CH* production for D4 blends is attributed to that small increase 
of CO2 in the mixture appears to be performing as a promoter of better 
combustion, reducing the competition of reacting species for oxygen. 
 The results showed that a notable reduction in NOx was observed at all 
conditions for the CO2/methane blends in about 60% for 10% CO2 
addition. However, carbon monoxide emissions also decreased when 
using 5-10% CO2 addition. 
 The use of CO2/methane blends mixtures led to lower CO production 
about 83% for the case of 10% CO2.  
 CH* chemiluminescence analyses indicated that pure methane produced 
high heat fluctuation, with CO2 at 5-10% showing the most stable CH* 
profiles. 
 In general, more dilution of CO2 leads to even poorer combustion and 
flame extinction only above the burner tip. This phenomenon ends at 
higher CO2 concentrations which cause combustion only at the tip of the 
burner and trouble with ignition will appear. 
7.1.3 20 KW generic swirl burner with multiphase   
 
  Results showed that biodiesel group blends reduced CO production at all 
tested conditions that could be caused by the oxygen content in biodiesel 
cooking oil resulted in a complete combustion than diesel oil. 
 The biodiesel combinations produced a reduction in emissions of nitrous 
oxides across all measurements.  
The lower NOx emissions compared to diesel blends for biodiesel blends 
for all the cases and different equivalence ratios could be due to the role 
of oxygen in the molecule that suppresses CH* production, thus reducing 
prompt NOx formation and must be attributed in part to the higher heat of 
vaporisation of the biodiesel spray. 
 
 The introduction of CO2 reduced the reaction rate and temperatures in the 
combustion zone, thus leading to a reduction in emissions of nitrous 
oxides as a result of decreases in flame temperature.  
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 CO2 diluent decreased CO production at all tested conditions that belong 
to the incomplete combustion of pockets of fuels for blends without CO2 
and could also be attributed to the short residence time, so the CO formed 
in the combustion zone has less time to convert to CO2 completely. 
 Diesel flames showed high CH* intensity compared to biodiesel due to the 
high sooting trend of the first.  
 
 Results showed greater CH* gain and soot for blends that did not contain 
CO2 as a mixture.  
 In general CO2/CH4/biodiesel mixtures have produced the cleanest 
profiles with the best flame stability. 
7.2 Future work    
The work of this research has been achieved at Cardiff university with 20 kW 
swirl burner while with HPOC were accomplished at the gas turbine research 
centre in Port Talbot. Many suggestions and ideas could be made for future 
studies, and can be summarised as follows: 
 
 This research could be extended by adding biofuel preheating to provide lower 
viscosity. Then enhance atomization, along with higher injection pressures to 
be used for spraying the saturated biodiesel, that will improve combustion. 
Proposed solutions to this problem include biofuel preheating to deliver lower 
viscosity and hence improve atomization, besides higher injection pressures 
to be used for scattering the saturated biodiesel. 
  A significant issue to be considered is the use of other methods of 
visualisation, such as Planar Laser Induced Fluorescence (PLIF). 
 It has been used successfully in the analysis of swirling flames and the 
propagation of CH* and OH* radicals, which according to the theory are 
related to the burning region and temperature intensity. 
 Moreover, the system needs to be run with a greater variety of fuels such as 
those with more hydrogen content, to see the effect of these fuels upon the 
emissions and stability limits. 
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 Computational fluid dynamics (CFD) is considered one of the branches of 
fluid mechanics, which uses numerical techniques and algorithms to resolve 
and analyse problems that include fluid flows.  
In the future, it is worth to use saturated biodiesel and compared to kerosene 
fuel using CFD. Moreover, using CFD with the two-phase flow with biodiesel, 
diesel and other blends. 
 Incomplete gas-liquid mixing can have a significant impact on emissions. 
Premixed mixing for two phases is more susceptible to combustion 
instabilities.  
In the future, it is worth to investigate using effervescent atomization for 
better. 
 One of the proposals of this project is to continue with the investigations on 
swirling flows with other fuels included methanol used to reduce NOx and 
carbon dioxide emissions, and a range other liquid biofuels. 
 Study of the fuel droplet characteristics with biodiesels can be performed 
using a pressure swirl atomizer and compared to the present plain-jet air blast 
type atomizer. 
 The methodology employed in this dissertation can be extended to other 
alternative fuels such as bioethanol, Fisher-Tropsch fuel or bio-oil. 
 The instabilities affecting the two-phase exhaust jet are extraordinarily 
complex, and much more work needs to be done to understand the nature of 
the events at the phase interface. 
New diagnostic techniques are necessary here, as well. Small probes,  
inserted into the two-phase flow, might provide useful information about the 
frequency and scale of the instabilities.  
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